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I 1. In t roduct ion  

The e f f e c t  of humidity on the  r a t e  of hea t  r e l e a s e  due t o  oxida t ion  o f  
coa l  has been r epor t ed  i n  an e a r l i e r  communication(1). 
no t  suggest  t h a t  spontaneous hea t ing  i n  coa l  can occur due t o  oxida t ion  reac-  
t i o n  a lone  under normal v e n t i l a t i o n  prac t ice .  I n  t h e  l i t e r a t u r e ,  however, 
f reauent  re ference  has been made by many i n v e s t i g a t o r s  t o  the  p a r t i c u l a r l y  hu- 
mid condi t ions  during hea t ing  inc idents .  
Migdalski( 2) and Wolowczyk( 3) have revea led  t h a t  i n  t h e  Zwickau-Oelsnita Coal- 
f i e l d  i n  Germany the  occurrence of spontaneous hea t ings  coincided with the  
presence of high humidity i n  the  mine atmosphere. According t o  Ashworth(4), 
humid a i r  i s  "essential11 f o r  t he  s t a r t i n g  of gob-fires. 
repor ted  s t a r t i n g  a t  places  where water i s sues  i n  considerable  quan t i ty  from 
the  roof of the  coa l  seam( 3 ) .  
c i a l l y  a f t e r  r a iny  weather is wel l  known. 
coa l  p i l e s  occur genera l ly  at the  junct ion of w e t  and d r y  coals .  
of hea t ing  i n  the  s torage  of coal-washery t a i l i n g s  has  a l s o  been r epor t ed  by 
Cabolet( 6). 

E a r l i e r  Winmill( 7) and more r e c e n t l y  Hodges and Hinsley( 8) have repor ted  
t h z t  some dry coa l s  ca tch  f i r e  when s a t u r a t e d  oxygen i s  passed through them at 
30 c, but  the  temperatures of the  same c o a l s  r i s e  only a l i t t l e  when d r y  oxy- 
gen i s  used. 
t u r e  of 3Ooc the  hea t  r e l e a s e  due t o  oxida t ion  i s  very small  i n  comparison v i t h  
t h a t  due t o  so rp t ion  of water by t h e  coal .  Berkowitz and Schein( l0)  have com- 
en ted  t h a t  "the hea t  of wet t ing  (or f o r  t h a t  mat te r  hea t  of condensation) may 
act as an important ' t r i g g e r l l l  i n  a c c e l e r a t i n g  the  Oxidation of coal. 

Although the  above obse rmt ions  are use fu l  i n  understanding the  r o l e  of 
water vapour i n  t h e  spontaneous hea t ing  of coa l ,  t he  experimental condi t ions  
used i n  the  tests f a l l  far shor t  of those gene ra l ly  found i n  p rac t i ce .  K t r e m e  
condi t ions  of dryness and wetness of bo th  coa l  and air (or oxygen) have been 
used i n  most cases. In  p rac t i ce ,  n e i t h e r  would the  v e n t i l a t i o n  air i n  mines 
and the  atmosphere i n  the  v i c i n i t y  of a coa l  p i l e  necessa r i ly  remain sa tu ra t ed  
with water  vapour, nor  would t h e  coa l  i n  quest ion be dry a l l  the  time. Due t o  
i t s  hygroscopici ty  coa l  tends  t o  remain i n  equi l ibr ium with t h e  surrounding 
atmosphere. If t h e  humidity of t he  atmosphere inc reases ,  then  t h e  coa l  w i l l  
take up some more moisture t o  achieve a new equi l ibr ium. During the  process  of 
a t t a i n i n g  equi l ibr ium the  coa l  undergoea c e r t a i n  chemical, phys ica l  and thermal 
changes. The present  i n v e s t i g a t i o n  i s  concerned with the  es t imat ion  of thermal 
changes i n  var ious  coa l s  under such condi t ions .  The coa l s  e q u i l i b r a t e d  a t  a 
p a r t i c u l a r  humidity have been subjec ted  t o  a i r  e q u i l i b r a t e d  at a higher  humid- 
i t y ,  and the  hea t  r e l e a s e  i n  coa l s  has been es t imated  ca lo r ime t r i ca l ly .  Apart 
from t h e  inf luence  of  humidity, t he  e f f e c t s  o f  some o ther  v a r i a b l e s  on the  pro- 
ces s  have a l s o  been s tudied.  

The r e s u l t s  t h e r e i n  do 

Observations over a long per iod by 

Mine f i res  have been 

The inc ip ience  of hea t ing  i n  s t o r e d  coa l  espe- 

Development 
According t o  Hoskin( 5) ,  f ires i n  

Subsequently, Hodges and Acherjee(9) have found t h a t  at  a tempera- 
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2. !:x uerirnen t a l  

The arrangement and opera t iona l  procedure o f  t he  a D p a r a t u s  c r ed  i n  t h i s  
ir.ves:igztion were s i m i l a r  t o  those  descr ibed  i n  an  q a r l i e r  paper(1). The addi- 
t i o n a l  f ea tu re  w a s  t h a t  a f t e r  t h e  whole system had a t t a i n e d  s t a b l e  t h e m a l  a n t  
! - ,yponet r ic  condi t ions ,  the flow of n i t rogen  w a s  s u 5 s t i t u t e d  by air of ? ! m i d -  
i t y  .?i,-her than t h a t  wi th  which t h e  coa l  sample i n  t he  ca lor imeter  had been 
hrou.$t t o  e uiliorium. 
Cition a t  33 c, except  on one occasion when t h e  t e s t  vas done et 35 c: 
humidi t ies  at which these  t e s t s  were perforned were a l s o  t h e  sane as in the 
:rc-vi?us i n v e s t i p t i o n .  The data on t h e  a n a l y s i s  of e-ch of t he  e i g h t  coz l s  
used are :;iven ir. ?ab le  1. :lenernlly,  t he  cor-1s r:ere t e s t e d  with s m p i e s  of 
-72 nesh (B.S.S.), b u t  t o  s tudy  t h e  e f f e c t  of p a r t i c l e  s i z e  on t h e  heatin'l: r n t e  
due t o  s j r a t i o n  of water vanour, four  s i z e d  f r a c t i o n s  of -25+36, -36+52, -j2+72 
an? -7?+?OO mesh (E.S.S.) were preyred from the C o d  F. 
usinq n i t r o v n  were taken  t o  avoid  oxidation of t h e  saaT1es dur inp  t h e i r  pre- 
para t ion  anti dryinc.  In  order  t o  i n v e s t i e a t e  t h e  in f luence  of weathering of 
coa l  on t h e  nrocess a f e u  ox id i sed  samples were prepared from t h e  Coal H. A 
hu lk  s a r p l e  of -72 mesh (B.S.S.) of t h i s  coa l  was ox id i sed  at room temperature 
i n  6 r y  condition 5y nure oxygen, an2 t h e  s u b - s a p l e s  were subsequently with- 
2rar.n a f t e r  70, 50 2.nd 70 days. 

3. 2 e s u l t s  an2 Discussion 

t h e  ca lor imeter ,  a r d  t h e  r e s u l t s  were subsequently c a l c u l a t e d  from t h e  thermo- 
. z r m s .  
and t h e  term "sa tura ted"  is used t o  s t a t e  t he  ecui l ibr ium condi t ions  of both 
c o a l  and air  at t h e  p a r t i c u l a r  r e l a t i v e  humidity concerned. The Conls 3 ,  D, 87 
a n d  !! were t e z t e d  under s e v e r a l  humid cond i t ions  usinE dry as well  as n o i s t  
samples. The rest of the experiments were done i n  one p a r t i c c l a r  condition bx 
passin,: a i r  s z t u r a t e d  wi th  water vapour through d r y  coa l  at 30 c. 

h e a t  r e l e a s e  due t o  s o r p t i o n  o f  water vapour by the  small amount of glass wool, 
mixed wi th  the  coa l  samples du r ing  experiments, had a n e c l i e i b l e  e f f e c t  on the  
results obtained w i t h  t h e  coa ls .  

s tud ied  a t  d i f f e r e n t  humid conclitions is shown i n  F igures  1 t o  3. A few t e s t s  
were c a r r i e d  out t o  i s o l a t e  t h e  hea t ing  e f f e c t  of ox ida t ion  from that of water 
sorp t ion .  In  some o f  t h e s e  experiments n i t rogen  w a s  used throughout as t h e  
m o i s t u r e  carrier, and i n  o t h e r s  t h e  flow of moist  a i r  w a s  changed t o  n o i s t  ni-  
trogen or vice versa i n  t h e  c o m a e  of a p a r t i c u l a r  experiment. 
from t h e  r e s u l t s  t h z t  at temperatures of 30' and 35Oc the  rate of hea t  r e l e a s e  
due t o  ox ida t ion  i s  very s m e l l  i n  comparison t o  t h a t  due t o  t h e  so rp t ion  o f  
water vapour by t he  coal.  The absence of any recognisable effect of oxidation 
under such  condi t ions  has a l s o  been r epor t ed  by other  i nves t iga to r s (9  & 10). 
It i s  knohn that c o a l  sorbs a comparatively larger amount of water than oxygen, 
and t h a t  t he  hea t  o f  ox ide t ion  is  much l e s s  than  the  l a t e n t  hes t  of condensa- 
t i o n  of water vapour. According t o  S e v e n s t e r ( l l ) ,  c o a l  sorbs  water vapour a t  a 
Zuch faster r a t e  than  it consumes oqgen .  Therefore, it is  expected t h a t  i n  
above condi t ions  t h e  h e a t  r e l e a s e  dce t o  so rp t ion  of water vapour becomes the  
rat e-de t e m i n i n g  fact  or. 

The experiments were c a r r i e d  out i n  an i so thennal  con- ' ?!IC a 

IIonnal precautions 

The p r o g r e s s  of t h e  experiments W ~ L E  r e e s t e r e d  by record ing  the  output of 

A l l  t he  thermal d a t a  r epor t ed  here  are expressed on a dry  coa l  basis, 

0 

T e s t s  with glass wool under extreme condi t ions  showed t h a t  t he  rate of 

The v a r i a t i o n  o f  t h e  rate of hee t  r e l e a s e  with time f o r  each of t he  coe l s  

It appears 

T c s t s  with Dry Coals 

The r e s u l t s  o f  t h i e  series of tests are shown i n  Figures 1 and 2. 
reen  t h a t  excepting t h e  curve f o r  the  a n t h r a c i t e  (Coal A i n  Fig.1) a l l  o the r  
rpte clirves have t h e  common feature of a peak at the e a r l y  s t age  of experiment- 
'dith t h e  in t roduc t ion  of moist  air (or n i t rogen)  i n t o  t h e  dry coa l  t he re  occurs 

It is  



- (1. - 
a sharp  r i s e  i n  t h e  r a t e  of  hea t  generat ion i n  the coal .  Af te r  a shor t  while 
i t  decreases  f o r  sone time before  r i s i n g  again. 
height  and shape of t h e  i n i t i a l  peak a r e  dependent on both t h e  h m i d i t y  of t h e  
m o i s t u r e  c a r r i e r  and t h e  type of coal .  An a t tempt  i s  made i n  a l a t e r  s e c t i o n  
t o  expla in  the occurrence of t h i s  peak i n  t h e  r a t e  curves. 

Scanning of the r e s u l t s  r e v e a l s  t h a t  t h e  nc..ture of  t h e  rate curve a f te r  
the i n i t i a l  peak i s  r e l a t e d  t o  t h e  type of c o a l  sorb ing  t h e  water vapour. l i i t h  
t h e  a n t h r a c i t e  (Coal A i n  Fig.1) m d  high rank  c o d  l3 (Fig.2) t h e  r a t e  of hea t  
generat ion anproaches t h e  maximm value rap id ly .  However, i t  s tar ts  decreas- 
i n g  soon a f t e r  z t  a f a s t e r  r a t e ,  followed by a progress ive ly  slower r a t e .  I n  
t h e  case of t h e  nedium and low rank  c o a l s  (Coals C,D,E,F,G and E )  no t  only 
docs t h e  re te  reach t h e  maximum graduzl ly ,  '.ut it n l s o  cont inues i n  t h a t  range 
f o r  some time before  decreasing slowly. This  d i f fe rence  i n  t h e  na ture  o f  t h e  
hea t ing  r a t e  i n  var ious  co.-.ls can be a t t r i b u t e d  t o  t h e  d i f f e r e n c e  i n  t h e i r  
hygroscopicity. 
of hea t  generat ion i n c r e a s e s  wi th  t h c  i n c r e a s e  i n  t h e  s a t u r a t i o n  h m i d i t y  of 
t h e  atmosphere. This  i s  d iscussed  i n  d e t a i l  i n  a l a t e r  sect ion.  

'Tests with I..oist Coals 

subjected t o  n o i s t  a i r  [ o r  n i t rogen)  under condi t ions  i n  which s o r p t i o n  of 
water vapour by t h e  c o a l s  waa ensured. The r e s u l t s ,  as p l o t t e d  i n  Fig.3, show 
t h a t  the  r a t e  of hea t  r e l e a s e  v s  time curves do not have any i n i t i a l  peak as 
obtained i n  t h e  previous s e r i e s  of t e s t s .  The curves f o r  the tes ts  with a 
p a r t i c u l a r  coa l ,  however, fol low t h e  genera l  c h a r a c t e r i s t i c s  of  those obtained 
a f t e r  t h e  i n i t i a l  peak during experiments w i t h  t h e  same c o a l  i n  dry  condition. 
It is a l s o  evident  t h a t  f o r  each coa l  t h e  ra te  of  h e a t  genera t ion  increases  
with t h e  increase  i n  t h e  d i f fe rence  i n  t h e  i n i t i a l  equilibrium humidi t ies  of  
t h e  moisture c a r r i e r  and t h e  coal.  

Inf luence of Various Fac tors  on t h e  Bate of Heat Release 

?recess under i n v e s t i g a t i o n  have been s t u d i e d  on a common b a s i s  of cam~ar ison .  
The b a s i s  used i s  Qtsz0 ca l /g  of  dry c o a l ,  t h e  t o t a l  heat  produced i n  twenty 

hours o f  t e s t i n g ,  and i s  termed the  c h a r a c t e r i s t i c  ra te  of heat  re lease .  I n  a 
f e u  cases  where t h e  experiments have been terminated before  t i ienty hours t h e  

values a r e  taken  from t h e  e x t r a p o l a t i o n  of  t h e  respec t ive  p a p h s .  

It  appears  f r o ?  Fig.2 t h a t  t h e  

t 

I 
From Fig.2 it i s  evident  t h a t  with a p a r t i c u l a r  c o a l  t h e  rate 

In t h i s  s e r i e s  t h e  c o a l s  conta in ing  d i f fe ren t  amounts of moisture  were 

' 
The e f f e c t s  of  s e v e r a l  f a c t o r s  on t h e  hea t ing  r a t e  o f  c o a l  due t o  the  

Q W 0  

Inf luence of the  Deficiency i n  t h e  Suui l ibr ium Humidity of Coal 

of  t h e  c o a l s  B, 9,  G 2nd H are  p l o t t e d  a g a i n s t  d i f f e r e n t  values  o f  e ,  repre- 
s e n t i n g  t h e  d i f f e r e n c e  between t h e  equi l ibr ium humidi t ies  of the atmosphere 
and t h e  c o a l ,  i n  E'icure 4. 
a r e  shown, and. t h e  Qt=20 value a t  zero  e f o r  a p a r t i c u l a r  c o a l  i s  t h e  charac- 

t e r i s t i c  rate o f  hea t  r e l e a s e  dur ing  i t s  dry  oxidat ion(  1). The r e s u l t s  of t h e  
experiments with moist coals a r e  i l l u s t r a t e d  i n  Fig.4( ii); and t h e  correspond- 
i n g  Qt=20 value a t  zero  e f o r  each coa l  i s  represented  by t h e  average of t h e  

Qt=;, values  obtained during oxida t ion  of  t h e  coa l  i n  s e v e r a l  moist  condi t ions 

r e p o r t e 6  e a r l i e r (  1). 
I t  is seen i n  Fig.4 t h a t  t h e  c h a r a c t e r i s t i c  ra te  o f  hea t  release f o r  each 

coa l  increases  with t h e  increase  i n  t h e  equi l ibr ium def ic iency  of t h e  coal ;  t h e  
r e l a t i o n s h i p ,  however, i s  not  d i r e c t l y  proport ional .  This  i s  as expected be- 
cause o f  t h e  f a c t  tha,t t h e  coal-water s o r p t i o n  isotherms,  obtained from the 
equi l ibr ium moisture values  a t  var ious r e l a t i v e  pressures  of  water  vapour, a r e  

The c h a r a c t e r i s t i c  rates o f  heat  release durin;: var ious  t e s t s  with each 

In Fig.4( i )  t h e  r e s u l t s  of t h e  tests with d r y  c o a l s  1 

1. 
t 

1 
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of sigmoid type. 
each case  the  r a t e  of i nc rease  i n  Q,t320 with e during the  t e s t s  with dry coal  

i s  more than t h a t  obtained when the  experiments were done with moist coal, To 
confirm t h i s  f e a t u r e ,  however, i t  would be necessary t o  es t imate  the  heat  of 
so rp t ion  of water vapour by the  coa l  during t h e  process. The present  experi- 
mental set-up Drecluded any such attempt. 

Inf luence  of the  Rank of Coal 

due t o  sorp t ion  of water vapour and the  rank of coal  i s  i l l u s t r a t e d  i n  Figure 5 .  
The Qtzz0 value f o r  each coa l  i n  the  above figure i s  taken f rom t h e  r e s u l t  of 

t he  tes t  with dry coal and a i r  ( o r  n i t rogen)  s a t u r a t e d  at lo@ R.H. a t  3Ooc. 
The v a r i a t i o n s  o f  t h e  c h a r a c t e r i s t i c  r a t e  value with carbon and v o l a t i l e  mat ter  
conten ts  of the  c o a l s  a r e  similar t o  those usua l ly  observed between the  hygro- 
scopic  proper t ies  of coa l s  and the  parameters of coa l  rank. It appears ,  there-  
fo re ,  t h a t  t he  hea t  r e l e a s e  due t o  sorp t ion  of water vapour i n  a coa l  i s  i n  
genera l  dependent on i t s  hygroscopici ty .  

Inf luence  o f  Coal P a r t i c l e  S ize  

condi t ions.  
lo@ R.H. a t  30 c. 
t i o n  of water vapour by t h e  s i z e d  f r a c t i o n s  a r e  shown i n  Figure 6. 
a r e  of s i m i l a r  na tu re ,  and t h e r e  i s  a tendency f o r  t he  r a t e  t o  inc rease  with 
the  f ineness  of t h e  coa l  p a r t i c l e s .  
where the  c h a r a c t e r i s t i c  rates a r e  p l o t t e d  aga ins t  t h e  average p a r t i c l e  dia- 
meters. It is  seen t h a t  while a decrease i n  p a r t i c l e  diameter below about 358 
microns has l i t t l e  e f f e c t  on t h e  c h a r a c t e r i s t i c  r a t e ,  a s i g n i f i c a n t  decrease i n  
the  r a t e  of heat r e l e a s e  occurs  when the  p a r t i c l e  s i z e s  a r e  increased  from 358 
t o  511 microns. 

A compzrison betwecn the  P igs .4( i )  and 4 ( i i )  show t h a t  i n  

The general  r e l a t i o n s h i p  between the  c h a r a c t e r i s t i c  r a t e  of hea t  r e l ease  

1 

Each of the  f o u r  s i zed  f r a c t i o n s  of t h e  coa l  F was t e s t e d  under similar 
Drg samples of t hese  f r a c t i o n s  were subjec ted  t o  a i r  sa tu ra t ed  a t  

The changes i n  the  r a t e  of hea t  r e l e a s e  with time of sorp- 
The curves 

This  feature is more prominent i n  F i p e  7 

The observed d i f fe rence  i n  heat  r e l e a s e  i n  var ious  s i z e d  f r a c t i o n s  of t he  
same c o a l  is due t o  the  d i f fe rence  i n  the  exposed e x t e r n a l  sur face  area of t h e  
samples. The common shape of t h e  r a t e  curves  i n d i c a t e s  that the  mechanisms of  
the  so rp t ion  o f  water  vapour remain similar. The r e s u l t s  a l s o  suggest that 
there  may be a c r i t i c a l  diameter  of t he  c o a l  p a r t i c l e s  below which any f u r t h e r  
sub-division has l i t t l e  e f f e c t  on the  rate o f  hea t  r e l ease .  However, s ince 
only f o u r  tests were c a r r i e d  out it w a s  no t  poss ib l e  t o  f i n d  t h e  po in t  at which 
such d i s t i n c t  change t akes  place.  

Inf luence of Weathering of Coal 

genera t ion  i n  coal  during so rp t ion  of water vapour, t h r e e  oxidised samples of 
the  coa l  H were t e s t e d  under similar condi t ions.  The rates of Beat r e l ease  i n  
d r y  samples were measured when air s a t u r a t e d  at 1 0 6  B.H. at 30 c was passed 
through them. The r e s u l t s  are shown i n  F igure  8 toge the r  with those  obtained 
during a s i m i l a r  tes t  with the  f r e s h  sample of coal  B. I t  is no t i ceab le  from 
the  genera l  f ea tu re  of  t h e  curves that the  mechanisms of hea t  release remain 
unaf fec ted  a f t e r  weather ing of t h e  coa l ,  a l though the rate of hea t  generat ion 
gene ra l ly  increases  with t h e  ex ten t  of weathering. 

The equi l ibr ium moisture conten ts  of the above samples at the  s a t u r a t i o n  
vapour pressure a t  3Ooc a r e  shown i n  Table 2,  toge ther  wi th  the  c h a r a c t e r i s t i c  
r a t e s  of hea t  re lease .  Both t h e  c h a r a c t e r i s t i c  rate of hea t  release and the  
equi l ibr ium moisture conten t  i nc rease  with t h e  per iod  o f  weathering o f  t he  coal. 
The increased  m o i s t u r e  r e t a i n i n g  capaci ty  of ueathered samples is an estab- 
l i s h e d  fact, and i t  is expected that t h e r e  would be a corresponding increase  in 
the  t o t a l  hea t  r e l e a s e  at the  end of t h e  so rp t ion  process. 

For the  purpose of i n v e s t i g a t i n g  the  e f f ec t  of weathering on t h e  heat 

The present  data, 
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however, show t h a t  r i t h  t h e  ex ten t  of weathering the re  occurs  an increase  i n  
the  r a t e  of heat  r e l e a s e  i n  the  coa l  too ,  and t h i s  i s  o f  p a r t i c u l a r  s ign i -  
f icance  t o  the  problem of spontaneous heat ing.  

I 

\ 

'The I n i t i a l  Peak i n  the  Rate of Heat Release vs  Tine Curves f o r  t h e  Tes ts  with 

Dry Coals 

I n  absence of any q u a n t i t a t i v e  data on the  amount of water sorbed by the  
coa l s ,  i t  is only poss ib le  t o  put forward some q u z l i t a t i v e  evplane t ions ,  on 
the  b a s i s  of the  present  r e s u l t s  and the  e x i s t i n z  knoirled,ye on coa l  s t r u c t u r e ,  
for t he  appearznce of t he  i n i t i a l  peak i n  t h e  r a t e  curves  obta ined  from the 
t e s t s  with dry coals .  

t e d  t o  the  r a t e  of eorp t ion  of water i n  the  e a r l y  per iod  of t he  process. 
absence of any peak i n  the  r a t e  curve f o r  t h e  t e s t  with the  a n t h r a c i t e  (Coal A 
i n  Fig.1) seems t o  confirm t h i s .  A broad comparison of t he  hea t  r e l e a s e  i n  
the  i n i t i a l  stage, u n t i l  t he  r a t e  curve starts r i s i n g  again,  i n  var ious  coa l s  
t e s t e d  under similar condi t ions ,  shows that t h i s  amount gene ra l ly  decreases  
with the  maturi ty  of the  coal .  It is a l s o  not iced  t h a t  t h i s  quan t i ty  increas-  
e s  with decrease i n  the  average p a r t i c l e  diameter of t h e  coa l  (Fig.6) .  The 
occurrence of similar peaks dur ing  the  t e s t s  with m o i s t  n i t rogen  and a l s o  with 
the  oxid ised  samples r u l e s  out  t h e  e f f ec t  of oxidat ion.  The c l o s e  s i m i l a r i t y  
i n  shape between t h e  rate curves a f t e r  t h e  i n i t i a l  peak for the  t e s t s  with dry 
coa l s  and those obtained f r o m  t he  experiments with t h e  r e spec t ive  moist coa l s  
i n d i c a t e s  t h a t  the  dry coal  surface i s  probably respons ib le  for t he  appearance 
of t he  i n i t i a l  peak. 

s i m i l a r  i n i t i a l  peaks during so rp t ion  stuciies of some porous s o l i d s .  
explained it as the  r e s u l t  of t he  heterogenei ty  of t h e  sorbent  su r face  which 
p lays  an important r o l e ,  p a r t i c u l a r l y  at low sorba te  pressures .  Considering 
the  heterogeneous na ture  of coa l  it seems reasonable  t h a t  t h e  above theory may 
a l s o  be appl icable  i n  general  t o  the  present  observat ions.  
ever ,  fai ls  t o  expla in  not  only the  case of the  a n t h r a c i t e ,  bu t  a l s o  the  ob- 
served i n i t i a l  peaks with t h e  f i n e r  coa l  p a r t i c l e s .  

horn the  s t u d i e s  of  coa l  c o n s t i t u t i o n ,  it is  known that t h e  number of 
po lar  groups, such a s  -OH and 4 0  groups, i n  coa l  decreases  with t h e  maturi ty  
of t he  c o a l ,  and t h a t  these  groups a r e  almost absent i n  the  an th rac i t e (14 ) .  
Zvidence has a l s o  been put forward by a f e w  i n v e s t i g a t o r s ( l 5  & 16) suggest ing 
t h a t  a p a r t  of t he  water i n  coa l  i s  he ld  by fo rces  o t h e r  than physical .  On 
t he  b a s i s  of these  facts t h e  present  observa t ions  can be explained i n  the  
fol lowing manner. 

i n t e r a c t i o n  between t h e  water molecules and the  a c t i v e  groups i n  coa l ,  and 
thus  more heat  is l i b e r a t e d  than t h a t  due t o  physical  adsorpt ion.  As t h i s  
p r e f e r e n t i a l  so rp t ion  proceeds and the  most a c t i v e  s i t e s  become occupied, so 
t he  less a c t i v e  s i t e s  come i n t o  p lay  r e s u l t i n g  i n  l e s s e r  hea t  generat ion.  With 
t h e  progress  of  t he  process the  rate of  hea t  r e l ease  starts inc reas ing  again 
as the  phase changing of t he  water vapour t akes  place. 
d i f f e rence  i n  hea t  r e l e a s e  dur ing  t h i s  e a r l y  per iod of  so rp t ion  of water i n  
var ious  types of coa l  is  understandable. With the  f i n e r  p a r t i c l e s  t he  a c t i v e  
si tes on the  coa l  surface axe more e a s i l y  access ib le  t o  the  water  molecules 
and so an  increased amount of hea t  release at  the  f i r s t  s tage  i s  expected. More 
e l abora t e  s tudy is necessary f o r  a complete p i c tu re  of t he  phenomena involved. 

From the  pas t  work(2) i t  is apparent t h a t  t h i s  peak is  not  d i r e c t l y  rela- 
The 

Young and Crowell( 12) and i3runauer( 13) have r e f e r r e d  t o  t h e  occurrence of 
They have 

This  theory,  how- 

During so rp t ion  of po la r  substances such as water t he re  occurs  immediate 

Thus t h e  observed 

4. Conclusions 

It has been shown t h a t  under condi t ions  where a coa l  is  l i k e l y  t o  sorb 



- 64 - 
water vapour, the  chance of hea t ing  is more. I n  a humid atmosphere when si- 
multaneous sorp t ion  of water  vapour and oxygen takes  place,  t he  r a t e  of heat 
genera t ion  i n  coa l  due t o  t h e  so rp t ion  of water vapour, becomes the  ra te -de ter -  
mining f a c t o r .  For 2. given coa l ,  t h i s  r a t e  of hea t ing  has been found t o  reach  
the  maximum within a few hours of t he  start o f  t he  process,  and t o  increase  
with t h e  increase  i n  t h e  equi l ibr ium def ic iency  of t h e  coal. 

The va r i a t ions  o f  t h e  c h a r a c t e r i s t i c  r a t e  of h e a t  r e l e a s e  dur ing  so rp t ion  
of water vapour with f a c t o r s  such as rank, p a r t i c l e  si50 and weathering of coa l  
a r e  observed t o  be r e l a t e d  t o  t he  hygroscopicity of coal.  This  i n d i c a t e s  that 
the  causes of se l f -hea t ing  i n  coa l  a r e  i n  p a r t  a s soc ia t ed  with i t s  fundamental 
na ture ;  it also exp la ins  t h e  g r e a t e r  s u s c e p t i b i l i t y  of low rank coa l s  towards 
spontaneous heating. The method used i n  t h i s  work is found s u i t a b l e  for t h i s  
kind of work, and t h e  r e s u l t s  obtained can serve  as a b a s i s  f o r  f u r t h e r  work. 
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Table 2 

Effect of weathering of coal on the equilibrium moisture content and the 
characteristic rate of heat release due t o  sorption of water vapour 

Days of  oxidation 0 30 50 70 
Equilibrium moisture, $ ( w / n )  19.22 20.83 21.80 23.44 

&t120 t cal/g (a.rs c-1) 56.70 62.28 63.07 69.12 
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(-72 +200 1 
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Time, h 

D r y  coal  and air sa tu ra t ed  at 100%R.H. at 30"c 

Figure 1. Variation in the rate of heat release with time during 
oxidation and sorption of watei vapour by dry coals. 
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Dry coal and air/N2 saluialed at EO'1.R.H at 3P: 
o Dry coal and airlN2 saturaled a1 1WV.R H at 30'c 

Fipre 2. Variation in the rate of heat release with time during 
oxidation and/or sorption of water vapour by dry coals. 
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Coal saturated at  L3V.R.H.and airlN2 saturated aI100'l.R.H. at 30'c 
Coal saturated at  L3.l.R.H. and airlNZ saturated at 8CW.R.H at 3 F c  
Coal saturated atL3%R.H. and air/NZ saturated at E0V.R.H. at 3% 
Coal saturated at 80V.R.H. and airlN2 saturated at Ul0'l.R.H. at ~ O ' C  

Coal saturated at  75V.R.H. and air/NZ saturated at 8G%R.H. at Wc 

Figure 3. Variation in the rate of heat release with time during 
oxidation and/or sorption of water vapour by moist coals. 
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Figure 4. Variation in the characteristic rate of heat release 
with the equilibrium deficiency of the coals. 
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Iimr, h 

Dry coal and air saturated at 100%R.H.at30*c 

Figure 6. Effect of coal particle s i z e  on the variation i n  the rate 
of heat release with time during oxidation and sorption 
of water vapour by dry coal. 

, ,  

Figure 7. Effect of average coal particle diameter on the characteristic 
rate of heat release. 
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C o a l  H 

X Fresh coal 

0 Coal  oxidised for 30 days  

+ Coal  oxidised for 50 days 

o Coal  oxidised for 70 days 

0 4 8 12 16 20 2 4  
Time, h 

Dry coal a n d  air saturated at 100% R.H. at 30"c 

Figure 8. Effeat of weathering on the variation in the rate of  heat 
release with time during oxidation and sorption of  water 
vapour by dry coal. 
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REFIECTANCE OF LOW-RANK COALS 
D. M. Mason 

I n s t i t u t e  of Gas Technology, Chicago, I l l i n o i s  60616 

- INTRODUCTION 

The r e f l ec t ance  of the v i t r i n i t e  i n  bituminous coa l s  i s  very use- 
f u l  a s  an ind ica to r  of t h e i r  rank and behavior i n  coking. Determina- 
t i o n  of r e f l ec t ance  might serve a s imi l a r  purpose in  t h e  cha rac t e r i za -  
t i o n  of coa l  for hydrogasif i c a t i  on; however, the r e l a t i o n  of r e f l e c -  
tance t o  rank of low-rank c o a l  i s  not  so s t ra ight forward .  Moisture 
content  has been repor ted  t o  a f f e c t  the determinat ion of r e f l e f t a n c e  
of I l l i n o i s  coa ls ,  e s p e c i a l l y  those having high sur face  a reas .  
Furthermore, i n  t h e  s tudy of t he  coa l s  t e s t e d  i n  our hydrogas i f ica t ion  
program, we have found t h a t  the  r e f l ec t ance  does not always f a l l  i n  
l i n e  wi th  the rank of the  low-rank coa ls ;  thus,  con t r a r  t o  expectat ion,  
the r e f l ec t ance  of a Colorado subbituminous c o a l  ( 0 . 5 2 d  was higher  
than t h e  r e f l ec t ance  of an I l l i n o i s  h igh -vo la t i l e  C bituminous c o a l  
(0 .45%).  T h i s  paper c o n s t i t u t e s  a progress  r e p o r t  on our  e f f o r t s  t o  
e l u c i d a t e  the parameters , including tnoisture content,  t h a t  in f luence  
the r e f l ec t ance  of low-rank coal .  

I 

THEORY 

The normal r e f l e c t a n c e  of the sur face  of a l igh t -absorb ing  ma te r i a l  
such a s  coa l  i s  governed by Beer 's  r e l a t i o n :  

(ne - no) '  + k2 
(ne + no)2  + k2 Ro = 

where 
Ro = r e f l ec t ance  i n  o i l  

I n = r e f r a c t i v e  index of the ma te r i a l ,  here a c o a l  c o n s t i t u e n t  
ng 
k = ex t inc t ion  c o e f f i c i e n t  of the coa l  c o n s t i t u e n t  

Sca t te red  l i g h t  from beneath t h e  sur face  has  a l s o  been considered 

= r e f r a c t i v e  index of the immersion medium, here immersion o i l  

I 
a s  a poss ib le  source of d i f f e rence  i n  r e f l ec t ance  between moist  and 
d ry  v i t r i n i t e .  Sca t t e r ing  increases  w i t h  increas ing  d i f f e r e n c e  i n  
r e f r a c t i v e  index between the  pore and t h e  matr ix  a s  when water i n  
t h e  pore i s  replaced w i t h  a i r .  However, the ex t inc t ion  c o e f f i c i e n t s  
of these v i t r i n i t e s  a r e  high enough t h a t  t he  beam of l i g h t  can pene- 
t r a t e  no more than a few microns, and the pores i n  ques t ion  a r e  so 
s m a l l  t h a t  they a r e  very i n e f f i c i e n t  s c a t t e r e r s .  For t hese  reasons 
it appears t h a t  back-sca t te r ing  cannot con t r ibu te  s i g n i f i c a n t l y  t o  
the  r e f l ec t ance .  

e x t i n c t i o n  c o e f f i c i e n t s  on v i t r i n i t e s  of a series of Among 
low-rank coa ls  t h e  e x t i n c t i o n  c o e f f i c i e n t  is  low enough t h a t  it has  
only a small  e f f e c t  on the r e f l ec t ance .  Thus, i t s  con t r ibu t ion  t o  
the  r e f l ec t ance  of a Wyoming subbituminous c o a l  is o.o26$ o u t  of 0.54% 
and t o  t h a t  of a h igh -vo la t i l e  A bituminous c o a l  i s  0.24$ ou t  of 0.88%. 
Presumably the  only s i g n i f i c a n t  source of ar,y e f f e c t  i s  t h e  change 
i n  r e f r a c t i v e  index with change i n  the pore conten t  of the submicro- 
s copic pores . 

I McCartney and Ergun have determined r e f r a c t i v e  ind ices  and 



The effect of d e n s i t y  aad pore content  on’ t h e  r e f r a c t i v e  
index can be handled by  the  Lorenz-Lorentz re la . t ion  i n  t h e  form: 

” 
= r = w l r l  + w 2 r 2  + . . .w r n n  (n; + 2 )  d 

where 
r = s p e c i f i c  r e f r a c t i o n  
w 1 , w 2 ,  and w = weight f r a c t i o n s  ofcanponents inthe c o a l  j u s t  
benea.th t h e  f3urfa.ce 
r1J r2, and r n  = s p e c i f i c  r e f r a c t i o n s  of  components 
d= a parent  d e n s i t y  w i t h  submicroscopic pores  (bu t  n o t  l a rge r  
ones7 includsd i n  the volume 

The r e l a t i o n s h i p s  between r e f l ec t ance  and r e f r a c t i v e  index and 
between r e f l ec t ance  and r e f r a c t i o n  [(n’ - l ) / ( n 2  + 2 ) 1  are shown 
g raph ica l ly  in  F igure  1. These curves were obtained by s e t t i n g  the 
e x t i n c t i o n  c o e f f i c i e n t  i n  the  Beer r e l a t i o n  equal  t o  zero, which 
g ives  us the well-known Fresne l  r e l a t i o n .  
a c o a l  of a given r e f r a c t i v e  index w i l l  be s l i g h t l y  higher  than t h e  
ca l cu la t ed  value from t h e  graph. 

tance,  w e  need t o  know the f i n e  po ros i ty  p rope r t i e s  of t h e  coal .  
These include t r u e  and p a r t i c l e  d e n s i t i e s ,  and the ex ten t  t o  which 
t h e  immersion medium enters the pores.  

The a c t u a l  r e f l ec t ance  of 

To e luc ida te  the  e f f e c t  of  moisture and pore f i l l i n g  on r e f l e c -  

EXPERIMENTAL 

Pore S t ruc tu re  

the  I l l i n o i s  S t a t e  Geological  Survey. Pieces  of high v i t r i n i t i c  
conten t  were picked from a sample from No. 2 seam, i d e n t i f i e d  a s  
IGS-IGT No. 1, by observat ion under a low-power microscope. These 
were crushed and screened t o  obta in  a 40 t o  80 -mesh USS s i eve  f r a c t i o n .  
Th i s  p a r t i c l e  s i z e  was chosen t o  be small  enough t o  make a 5-gram 
sample r ep resen ta t ive  and l a rge  enough 
determination, where t h e  pene t ra t ion  of the i n t e r s t i c e s  between f i n e  
p a r t i c l e s  by mercury is a problem. 
over a desiccant ;  another  was t r e a t e d  with b o i l i n g  water t o  f i l l  its 
pores .  The l a t t e r  was then d r i e d  i n  a des i cca to r  over potassium 
s u l f a t e ,  the  s a t u r a t e d  so lu t ion  of which g ives  an equi l ibr ium atmos- 
phere of about 96$ r e l a t i v e  huqid i ty .  

After t h e  two samples had come t o  constant  weight, p a r t i c l e  
d e n s i t y  was determined on each sample by mercury displacement with a 
5 - m l  Aminco penetrometer c e l l .  The moist  sample was cooled t o  about 
O°C before evacuation t o  prevent appreciable  loss of moisture.  
readings and d e n s i t i e s  a t  100 and 400 ps ig  pressure  were obtained; a t  
400 p i g  rores of the d r y  coa l  should be f i l l e d  down t o  a diameter of 
0 . 3 5 ~ .  Moisture v a s  a l s o  determined on these  two samples; moisture, 
ash,  carbon, hydrogen, and p y r i t e  were determined on a separa te  sample 
ground t o  pass a 60-mesh s i eve .  True d e n s i t y  was a l s o  determined on 
t h i s  sample by means of a Beclanan a i r  pkynometer with helium. Resul t s  
a r e  shown i n  Table 1, toge the r  wi th  r e s u l t s  of  t h e  ca l cu la t ion  of 
d e n s i t i e s  and Fore volumes t o  a mineral-matter-free b a s i s .  

Samples of high-surface-area I l l i n o i s  c o a l  were obtained from 

t o  minimize e r r o r  i n  t h e  dens i ty  

One por t ion  of the sample was d r i e d  

Volume 
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T a b l e  I .  POFE VOLITME OF V I T R I N I T E  FROM AN TUINOIS COAL, 

Sample 
Moist Dried Ground 

40-80 USS mesh 40-80 USS mesh <50 USS msh 

True Density, 
R/CU cm - -  

. Hg a t  100 Fsig 1. 2r2 
Hg a t  400 F s i g  1.254 

\ ParLicle Density, 
g/cu cm 

( 

Moisture, $ 15.12 
Composition (dry 
b a s i s ) .  v t  $ \ 

C 
H 
FeS2 
Ash 

Moisture Content 

Pa r t  i c  1 e Dens it  y 

Moisture 

Porosity? 
( m r n f ) ,  vo l  %. 19.13 

Pore Volumet 
(mmf), cu cm/g dry c o a l  0.183 

P a r t i c l e  Volume 
(mmf), cu cm/g dry c o a l  0.957 

T r u e  Density 
( d r y  and m m f ) ,  g/cu cm -- 

( m m f *  ) ,vt $ 15.47 

( m r n f ) ,  g/cu cm 1.236 

( m r n f ) ,  v o l  % 19.13 

1.109 
1.113 
1.14 

1.17 

1.094 

1.28 

15.55 

0.144 

0.925 

-- 

1.291 

2.54 

78.8 
5.54 
0.93 
1.78 

-- 
1.280 

;Mineral-matter- f r e e .  
?Including water volume. Normal d e n s i t y  of water assumed. 

I 
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According t o  the p a r t i c l e  s p e c i f i c  volumes (pore space included) ,  

it apFear; t h a t  the c o a l  sh r inks  about 3% i n  volume when it d r i e s .  
The t r u e  s p e c i f i c  volume (pore s r a c e  excluded) ca l cu la t ed  from the  
p a r t i c l e  d e n s i t y  an$ moi t tu re  content of the moist sample agreed 
wiLhin 1% v i t h  the t r u e  s p e c i f i c  volume of t h e  d r i e d  sample de t e r -  
mined with helium i n  t h e  Beckman a i r  pkynometer. 

Reflectance 

f o r  r e f l ec t ance  determinat ion by the method described by Harrison'. 
C a r g i l l e  Type-B immersion o i l  was w e d .  Other d e t a i l e s  of our  
a r p a r a t u s  f o r  t he  determinat ion a r e  described elsewhere? 

and dry samyles. The reason f o r  our f a i l u r e  t o  ob ta in  Har r i son ' s  
e f f e c t  has not been discovered a s  y e t .  

- DISCVSSION 

Harrison' found d i f f e rences  i n  r e f l ec t ance  between moist and 
d r y  samples of about 0 .1% on h igh -vo la t i l e  C bituminous coa l s  having 
high surface area;  the  d r y  samples gave t h e  higher r e f l ec t ances .  
With t h i s  i n  mind, it i s  i n s t r u c t i v e  t o  c a l c u l a t e  the change i n  
r e f l e c t a n c e  t o  be expected if water i n  t h e  pores is  replaced with 
e i the r  a i r  or immersion o i l .  From t h e  measured r e f l e c t a n c e  of the 
moist  sample we c a l c u l a t e  i t s  s p e c i f i c  r e f r a c t i o n  and s u b t r a c t  the 
con t r ibu t ion  of the water,  assuming the s p e c i f i c  r e f r a c t i o n  of t he  
moisture i n  t h e  c o a l  t o  be equa l  t o  the s p e c i f i c  r e f r a c t i o n  of bulk 
v a t e r .  From t h e  - p e c i f i c  r e f r a c t i o n  on t h e  coa l  itself t h u s  obtained, 
w e  back-calculate  the r e f l e c t a n c e  of  the dry sample i f  o i l  does not  
e n t e r  the pores. S imi l a r ly ,  using t h e  d e n s i t y  and s p e c i f i c  r e f r ac -  
t i o n  of the o i l  a s  determined on a b u l k  sample, we can c a l c u l a t e  t he  
s p e c i f i c  r e f r a c t i o n  and r e f l e c t a n c e  i f  the o i l  does e n t e r  t he  pores. 

W e  have done t h i s  f o r  the sample on which the  Fore property and 
r e f l e c t a n c e  data above was obtained, with r e s u l t s  a s  follows: 

Moist and d r y  samples of the c o a l  described above were prepared 

The resu l t s  i n d i c a t e  no d i f f e rence  i n  r e f l ec t ance  between moist 

Observed Reflectance of  Moist Sample, $ 0.45 
Calculated Reflectance,  % 

Dried Sample, No O i l  i n  Pores 0 . 2 2  
Dried Sample, O i l  i n  Pores 0.58 

Thus, the d i f f e r e n c e  i n  r e f l ec t ance  between the  moist sample 
and the  o i l - f i l l e d  sample i s  of the r igh t  amount and a lgeb ra i c  sign 
t o  agree w i t h  H a r r i s o n ' s  results.  However, f u r t h e r  work is  re- 
quired t o  c l a r i f y  c o n f l i c t i n g  r e s u l t s  on the e f f e c t  of moisture and 
t o  determine t o  what e x t e n t  immersion o i l  e n t e r s  the pores of low- 
rank coal .  
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THE STUDY OF COAL BY A SCANNING EUCTRON MICROSCOPE AND E E C T R O N  PROBE 

B.  N .  Nandi and D. S. Montgomery 

Department of  Energy, Mines and Resources, Mines Branch, Fuels  Research Centre 
Ottawa, Canada 

and 
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t 
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E .  Martin 

Applicat ion Laboratory, P h i l i p s  E l e c t r o n i c  Instruments  
Mount Vernon, New York 

The o b j e c t  of t h i s  s tudy  of s e l e c t e d  coa l  samples us ing  a Scanning 
Elec t ron  Microscope (SEM) and E l e c t r o n  Probe (EP) w a s  t o  a s c e r t a i n  whether 
coa l  macerals, normally observed by r e f l e c t e d  l i g h t  i n  an o p t i c a l  microscope, 
could b e  i d e n t i f i e d  i n  t h e  emission images o f  backscat tered secondary e l e c t r o n s .  
A s  i t  w a s  d i f f i c u l t  t o  c h a r a c t e r i z e  f i n e l y  disseminated mineral  matter i n  coa l  
macerals using an o p t i c a l  microscope, it w a s  a l s o  important t o  explore  t h e  
p o s s i b i l i t y  of  eva lua t ing  t h e  d i s t r i b u t i o n  and chemical c h a r a c t e r  of t h e  mineral  
matter i n  t h e  maceral types us ing  t h e  x-ray e l e c t r o n  probe c a p a b i l i t y  of  the  
P h i l i p s  SEM. 

To compare t h e  o p t i c a l  and SEM microscopes i t  was  e s s e n t i a l  to  s e l e c t  
coa l  samples conta in ing  a wide v a r i e t y  of  maceral types and t o  p o l i s h  the sur face  
t o  be examined as f l a t  as poss ib le .  This w a s  e s s e n t i a l  t o  prevent  sur face  
r e l i e f  from c o n t r i b u t i n g  a r t i f a c t s  t o  t h e  secondary e l e c t r o n  emission.  Everhart  
(1) has shown t h a t  changing t h e  sur face  i n c l i n a t i o n  t o  t h e  beam by only  a few 
degrees produces an apprec iab le  change i n  t h e  number o f  secondary e l e c t r o n s  
produced. 

Kimoto and Russ (2)  p o i n t  ou t  t h a t  t h e  r e s o l u t i o n  of  a n  image with 

When t h e  e l e c t r o n  probe h i t s  t h e  specimen, s c a t t e r i n g  causes  t h e  probe 
a SEM i s  l imi ted  t o  t h e  s i z e  o f  t h e  a r e a  emi t t ing  photons o r  e l e c t r o n s  a t  any 
moment. 
t o  spread so t h a t  t h e  f i n a l  volume o f  e l e c t r o n  capture  i s  roughly teardrop-  
shaped as shown i n  Figure 1. Secondary e l e c t r o n s ,  with e n e r g i e s  up t o  about 
50 e V ,  are produced throughout t h i s  volume; however they are re$bsorbed a f t e r  
t r a v e l l i n g  only about lOOA,  so i t  i s  only  t h e  volume w i t h i n  lOOA o r  l e s s  o f  
t h e  sur face  t h a t  e m i t s  secondary e l e c t r o n s  that can b e  d e t e c t e d .  This volume 
i s  only a few tens  of angstroms l a r g e r  than t h e  diameter  of  t h e  i n c i d e n t  probe 
which has not  had much chance t o  spread.  Hence t h e  secondary e l e c t r o n  image 
provides  t h e  h ighes t  r e s o l u t i o n .  
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Bsckscattered e l e c t r o n s  come from a g r e a t e r  depth ,  and hence from 
a p o i n t  where the probe has  spread f u r t h e r ,  so t h a t  the  r e s o l u t i o n  o f  the  back- 
s c a t t e r e d  image i s  poorer  than  t h e  secondary e l e c t r o n  image. Elements with 
high atomic numbers b a c k s c a t t e r  a g r e a t e r  f r a c t i o n  of  i n c i d e n t  e l e c t r o n s  than 
ones with low atomic numbers. 

The photons of x- rays  o r  v i s i b l e  l i g h t  come from e s s e n t i a l l y  the 
e n t i r e  teardrop volume and hence g ive  the poores t  r e s o l u t i o n .  

EXPERIMENTAL 

A sample of Moss D3 c o a l  was pol ished f l a t  and examined with a L e i t z  
Pan P e l  Phot Microscope a t  a magni f ica t ion  of 450 us ing  an a i r  o b j e c t i v e .  
Figure 2 shows a l o c a t i o n  s e l e c t e d  f o r  examination which contained v i t r i n i t e ,  
semifus in i te ,  and a l a r g e  extremely dark wedge-like s t r u c t u r e  of what appears t o  
be spore m a t e r i a l ,  which could b e  r e a d i l y  i d e n t i f i e d  by i t s  wedge shape i n  the  
var ious  o ther  modes of examination i n  the scanning e l e c t r o n  microscope. A 
comparison of Figure 2 with F igure  3, which was taken of  t h e  same loca t ion  i n  
t h e  secondary emission mode, showed t h a t  dark bands of e x i n i t e  (E)  a t  the  top of 
Figure 2 may be assoc ia ted  w i t h  s imi la r  dark bands a t  t h e  top of Figure 3. The 
broad band of semifus in i te  (SF) i n  Figure 2 corresponds with a l i g h t e r  region 
i n  Figure 3. The dark wedge-like s t r u c t u r e  of what appears  t o  be spore m a t e r i a l  
i n  Figure 2 seems t o  have a n  o u t e r  r i m  of high e l e c t r o n  emission, as shown i n  
Figure 3, with a c h a r a c t e r i s t i c  dark thread- l ike  s t r u c t u r e  midway between t h e  
two walls of t h e  b r i g h t  zone. 
resistance due t o  t h e  high hydrogen content  and thus  b u i l d s  up a nega t ive  charge 
t h a t  might r e f l e c t  t h e  e l e c t r o n s  from the  probe. The s i g n i f i c a n c e  of  t h i s  
t h r e a d - l i k e  s t r u c t u r e  i s  no t  c l e a r  a t  present .  The dark apparent vo ids  i n  the 
s e m i f u s i n i t e  i n  Figure 2 do n o t  correspond i n  shape with s u f f i c i e n t  accuracy to  
be p o s i t i v e l y  matched with t h e  b r i g h t  a r e a s  i n  t h e  s e m i f u s i n i t e  i n  Figure 3. 

Poss ib ly  t h i s  s t r u c t u r e  has  a v e r y  high e l e c t r i c a l  

Figure 4 shows t h e  same l o c a t i o n  i n  the backscat tered mode. The white 
a r e a s  i n  Figure 4 i n  the  s e m i f u s i n i t e  correspond with t h e  white  a r e a s  i n  t h e  
secondary e l e c t r o n  mode i n  Figure 3. The converse o f  t h i s  s ta tement  i s  not  
t r u e .  
a r e a s  i n  Figures  4 t o  be a c c u r a t e l y  matched with t h o s e  i n  Figure 3. The areas 
o f  high e l e c t r o n  emission i n  t h e  backsca t te red  e l e c t r o n  mode are thought t o  be 
due to  mineral mat ter .  
i s  a t t r i b u t e d  t o  t h e  much h i g h e r  atomic number o f  t h e  mineral  matter as compared 
wi th  that  o f  t h e  coal  subs tance .  
no t  n e c e s s a r i l y  correspond t o  b r i g h t  a r e a s  i n  Figure 4. 
t h i s  i s  the  p a r t i c l e  marked X .  

The def in i t io 'n  i s  s u f f i c i e n t l y  sharp t o  permit  t h e  shapes o f  t h e  white  

The h igh  e l e c t r o n  emission o f  these  p a r t i c u l a r  a r e a s  

It is  noted t h a t  b r i g h t  a r e a s  i n  Figure 3 do 
A s t r i k i n g  example of  

This  prel iminary assessment was done using a Cambridge Scanning Elec t ron  
Microscope which a t  t h e  moment has  no f a c i l i t i e s  f o r  microprobe a n a l y s i s .  In 
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view of the importance of characterizing the mineral matter in coal, this 
preliminary investigation was extended using a Philips Model 4500 Electron 
Probe Analyzer with beam scanner. 

A sample of coal from the Tantalus Butte Mine, N.W.T., Canada, was 
selected for examination for its relatively high concentration of semifusinite- 
containing mineral matter. This sample was polished flat and a location was 
selected that was approximately half vitrinite, and half semifusinite. This 
was done using a Leitz Microscope at a magnification of 300 with a water- 
immersion lens, Figure 5 .  

This same location was then examined in the backscattered electron 
mode and the resulting image, shown in Figure 6 ,  reveals numberous light areas 
corresponding to the presence of the mineral matter in the semifusinite. On 
examining this same area with the microprobe analyzer using the first-order 
Si Kaline, the bright areas as shown in Figure 7 indicate the location of 
the silica. These areas of high silicon concentration are located in the region 
occupied by the vitrinite. With the Fe Ka first-order line, the bright areas 
correspond to areas of high iron concentration as shown in Figure 8. The area, 

I in which the iron occurs, appears to be largely concentrated in the semifusinite 
regions of the field. Using the Ca Kaline from a mica crystal the distribution 

I of calcium is shown to be concentrated in the semifusinite as may be seen frpm 
the location of the bright areas in Figure 9. Similarly, the carbon content 
was shown to be higher in the semifusinite region than in the vitrinite portion 
of the field, as may be seen in Figure 10. In this case, the CKa first-order 
line from a lead stearate crystal was used. 

I 

I 

I 

I 

I 
CONCLUSION 

1 -  1. - The macerals (vitrinite, exinite, fusinite, and semifusinite are 
visible in the secondary electron imago. The indications are that the optical 
interpretation can be considerably extended by taking into account the differences 
observed between the secondary electron image and that obtained from back- 
scattered electrons. 

2. The backscattered emission image generally indicates the presence 
of mineral matter in and between the maceral types. 

I 

I 
I 

3. The X-ray electron probe analyzer shows the iron and calcium to be 
concentrated in the semifusinite and fusinite portion of the field while the 
silica is concentrated in the vitrinite in the particular coal being studied. 
This tends to confirm the data recently obtained from washability studies that 
the high ash content is associated with higher concentrations of fusinite and 
semifusinite.(3) 

I 
b 

4 .  The carbon content appears to be higher in the fusinite and semifusinite 

h portion of the 

1 
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port ion of  the  f i e l d  than i n  the v i t r i n i t e .  
exis t ing information on the chemical character  of  these macerals. 

This would be expected from the 
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FIG. 2 Optical micrographs of the 
macerals a i r  object ive ref lected 
l i g h t  .X450. 

FIG :. 1 Penetration of incident  e lectron probe 
i n t o  sample. 
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FIG. 3 Scanning micrograph of the macerals 
of the same location as in Fig. 2 
X400 approximately. 

FIG. 4 Back-scattered electron micrograph 
of the same location as in Fig. 2 
approximately X400. 

FIG. 5 Optical micrograph of  the macerals of 
coal from Tantalus Butte Mine; water 
immersion reflected light X300. 

I\ 

FIG. 6 Back-scattered electron micrograph 
of the same location as in Fig. 5, 
approximately X500. 
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FIG. 7 Microprobe photograph of  the s i l i c a  FIG. 8 Microprobe photograph o f  the i ron  
X5 00 s o 0  

FIG. 9 Microprobe photograph o f  the calcium FIG. 10 Microprobe photograph of  the 
X5 00 carbon X500 
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ON THE SOLUBILIZATION OF COAL V I A  REDUCTIVE ALKYLATION 
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INTRODUCTION 
We have r ecen t ly  shown (L) t h a t  trea.tment-of Pocahontas ( lvb )  coa l  w i th  a l k a l i  
metal i n  hexamethylphosphoramide produced a "coal anion.'' The la t te r  r e a c t s  
r e a d i l y  with methyl iodide t o  g ive  a methylated coa l  so luble  i n  benzene a t  room 
temperature. , We now present  f u r t h e r  work on the  formation and a l k y l a t i o n  of the  
coa l  anion. 

EXPERIMENTAL DATA AND RESULTS 
Reagents. Meta l l ic  potassium, naphthalene, a l k y l  ha l ides ,  and te t rahydrofuran  
(THF) were of the  h ighes t  p u r i t y  ava i l ab le  commercially. Potassium, naphthalene, 
and the  a l k y l  ha l ides  were used as received. Tetrahydrofuran was pu r i f i ed  by 
r e f lux ing  over potassium metal f o r  72 h r .  followed by d i s t i l l a t i o n  under a 
p ro tec t ive  cover of helium. 

C&. 
t o  pass 325 mesh, w a s  used. 

Petroleum Asphaltenes. 
so lub le  (21%) f r a c t i o n  of a s t r a i g h t  run r e s idua l  a spha l t  of a Ca l i fo rn ia  crude 
(85/100 penet ra t ion) .  

Formation and T i t r a t i o n  of the  "Coal Anion". Three anion spec ies  a r e  produced when 
c o a l  is t r ea t ed  with a l k a l i  metal i n  THF i n  the presence of naphthalene: 
anion ([C, I -) ,  coa l  anion (coaln-),  and so lvent  anion (-CH2(CH2)30-). 
i s  formed by e l ec t ron  t r a n s f e r  from naphthalene anion t o  THF, 

I n  a l l  experiments, a hand-picked Pocahontas ( lvb)  v i t r a i n  sample, ground 

The asphaltene sample w a s  t h e  pentane in so lub le ,  benzene 

naphthalene 
The la t te r  

Each an ion ,  on treatment w i th  water,  l i b e r a t e s  an equiva len t  amount of hydroxyl 
ion : 

Coaln- + nH 0 + Coal nH + nOH- (2a)  2 

The amount of hydroxyl i ons  formed can be r e a d i l y  determined by poten t iomet r ic  
t i t r a t i o n  with ac id .  
according t o  equations 2b and 2c from the  total equiva len ts  of hydroxyl i ons ,  
one ob ta ins  the equiva len ts  of hydroxyl ions formed by the coa l  anion according 
t o  equation 2a. 
equ iva len t s  of hydroxyl i ons  formed according t o  (2a),  one can c a l c u l a t e  t he  - 

number of negative charges assoc ia ted  with the coa l  anion i n  t e r m s  of nega t ive  
charges per  100 carbon atoms. 

In a typ ica l  experiment, under a p ro tec t ive  cover of helium, a 250-ml Erlenmeyer 
f l a s k  provided with a g l a s s  enclosed s t i r r i n g  bar  and s u i t a b l e  ground j o i n t  
connections was  charged wi th  120 m l  of te t rahydrofuran  ( T H F ) ,  112 mill imoles 
(4.4 grams) of potassium and 2.4 mill imoles (0.304 gram) of naphthalene. 
conten ts  of the  f l a s k  were s t i r r e d  f o r  24 h r .  
so lu t ion  w a s  withdrawn, placed i n  a 50-ml volumetric f l a s k  and d i l u t e d  with water. 

By sub t r ac t ing  the  equiva len ts  of hydroxyl i ons  formed 

Knowing the  amount and carbon content  of the  coa l  and the  

The 
A 1 - m l  sample of the dark green 
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The aqueous so lu t ion  was t i t r a t e d  with n/100 hydrochloric ac id .  
THF s o l u t i o n  was added 6.17 grams of the v i t r i n i t e  and' s t i r r i n g  was continued f o r  
72 h r .  
and d i l u t e d  with water t o  50 m l .  On add i t ion  of water, the  coa l  anion surpeorion 
coagula tes  i n t o  a voluminous, brownish p r e c i p i t a t e  e n t i r e l y  d i f f e r e n t  i n  appearance 
from the  o r i g i n a l  coa l .  The aqueous mixture was allowed t o  stand f o r  48 h r .  w i th  
occas iona l  a g i t a t i o n  t o  in su re  complete hydro lys is  p r i o r  t o  t i t r a t i o n .  The r a r u l t s  
are summarized i n  Figure 1. 
equiva len ts  (43) takes p lace  during the 24 h r .  following the  a d d i t i o n  of coa l .  
This increase  i s  due mainly to  the formation of coa l  an ion ,  

To the  dark green 

Every 24 h r .  a 1 - m l  sample was withdrawn from the s t i r r e d  r eac t ion  mixture 

Figure 1 shows t h a t  a sharp increase  i n  the  number of 

nK' + coal  -? coaln- + nK+ ( 3  1 
The increase  of 9 equ iva len t s  occurring during the f i n a l  48 h r .  of s t i r r i n g  is  
caused by the formation of anions produced by e l e c t r o n  t r a n s f e r  from naphthalene 
anion to  solvent ( T H F )  molecules according t o  equat ion  (I). The va lue  of 43 
equiva len ts  obtained f o r  t h e  n e u t r a l i z a t i o n  of the coa l  anion, i n  conjunction 
with the  amounts of coa l  used (6.17 grams) and the carbon content of the coa l  
(88.3%), leads  t o  the  conclusion t h a t  the  coa l  anion derived from ?ocahontar 
coa l  conta ins  9.5 negative charges per 100 carbon atoms. The value of charges 
per 100 carbon atoms obtained i n  s i x  separa te  t i t r a t i o n s  of f r e s h l y  prepared 
coa l  anion suspensions va r i ed  from 9.5 t o  1 2 . 1 .  The average value of t he re  s i x  
t i t r a t i o n s  was 10.7 nega t ive  charges per 100 carbon atoms. 

Alkyla t ion  of  the Coal Anion. Under a p ro tec t ive  cover of helium, the  coa l  anion 
suspension described above was removed from unreacted potassium and was placed i n  
an Erlenmeyer f l a sk  provided with a g l a s s  enclosed s t i r r i n g  bar. The f l a s k  was 
cooled in  an ice ba th .  A s o l u t i o n  of  10 m l  of C-14 l abe l l ed  e t h y l  iodide i n  
3 0  ml THF w a s  added dropwise t o  the s t i r r e d  dark r e d ,  almost black coa l  anion 
suspension i n  the course of 30 min. The mixture was allowed t o  w a r m  t o  room 
temperature a s  s t i r r i n g  was continued f o r  2 hr .  During t h i s  period the  mixture 
became dark brown. The conten ts  of the f l a s k  were poured i n t o  600 m l  of ethanol 
and the  a lkyla ted  coa l  was separa ted  by cen t r i fuga t ion .  The superna tan t  ethanol 
so lu t ion  was decanted and the  res idue  t r ea t ed  with f r e sh  e thano l .  Treatment with 
e thano l  and cen t r i fuga t ion  was repeated u n t i l  a sample of t h e  e thanol  washing vas 
f r e e  of iodide ion. The p r e c i p i t a t e  was then repea ted ly  t r e a t e d  with water and 
cent r i fuged  t o  remove any water so luble  material. F ina l ly ,  t he  p r e c i p i t a t e  war 
dr i ed  i n  vacuo a t  100' t o  cons t an t  weight. The d r i ed ,  t r ea t ed  coa l  weighed 
6.03 grams. Taking i n t o  account the amount of coa l  withdrawn f o r  t i t r a t i o n  
( 0 . 2 3  gram) and the  amount of e t h y l  groups (8.8) added per 100 carbon atoms 
(see  below), t h i s  corresponds t o  a recovery of 86%. 
e thy la t ed  c o a l  expressed i n  dpm/mg (decompositions per minute per m i l  igram) 
was 3.09 X l o 3  and t h a t  of the  e t h y l  iodide ( i n  dpm/ml) was 7.05 X 10 . The C-14 
a c t i v i t y  of the  coa l  was determined by combustion ana lys i s  and t h a t  of t he  e t h y l  
iod ide  by d i r e c t  l i qu id  s c i n t i l l a t i o n  ana lys i s  using an i n t e r n a l  s tandard .  On 
the bas i s  of these d a t a ,  t h e  e thy la t ed  coa l  contained 8.8 e t h y l  groups per 100 
carbon atoms. In similar experiments,  coa l  was a lky la t ed  wi th  C-14 methyl 
iod ide  and a l s o  with unlabe l led  normal butyl iod ide .  Radioac t iv i ty  and comburtion 
a n a l y s i s  of the  methylated c o a l  showed t h a t  t h e  l a t t e r  contained 8.1 methyl groups 
per 100 carbon atoms. Analyses of t he  o r i g i n a l  coa l  and a lky la t ed  coals as w e l l  
a s  those  of the  benzene so lub le  and benzene in so lub le  f r a c t i o n  of t he  methylated 
coa l  a r e  shown in Table 1. 
(Table 2)  were determined by tumbling 0.1 gram of a lky la t ed  c o a l  and 15 m l  of 
so lven t  i n  a sealed t e s t  tube  f o r  1 h r .  and cen t r i fuga t ion  of t he  undirsolved 
coa l .  This process was repea ted  two more times and then the  res idue  was d r i ed  
i n  vacuo a t  100' t o  cons t an t  weight. 
methylated c o a l  was p r a c t i c a l l y  f r e e  of ash  (0.03%) while t h e  o r i g i n a l  c o a l  

The C-14 a c t i v i t y  of the 

Hexane and benzene a o l u b i l i t i e s  a t  room temperature 

The benzene so luble  f r a c t i o n  of  the  
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1 contained 1.97% ash.  In c o n t r a s t  t o  e thy la t ed  and butylated coal  which were 95 
and 93% soluble  i n  benzene, methylated coal  w a s  only 48% so lub le  i n  benzene. 
Based on C-14 ana lys i s  and carbon content  of t he  benzene soluble  and benzene 
insoluble  port ion,  the benzene soluble  port ion contained 8.4 methyl groups and 
the benzene insoluble  port ion 7.4 methyl groups per  100 carbon atoms. Infrared 
spec t r a  (KBr p e l l e t ) , o f  the a lky la t ed  c o a l s  showed s t rong  bands a t  3.4 p and 
7.25 a t t r i b u t a b l e  t o  the methyl group and the  associated s t r e t c h i n g  v ib ra t ion .  
The i n t e n s i t i e s  of these bands i n  the  o r i g i n a l  coa l  were only about one t en th  o f  
those found i n  the  a lky la t ed  coa l .  

'I 

TABLE 1. Ultimate analyses  of a lky la t ed  coal  

C H N S &I -I Ash \ 

Original  coa l  88.25 4.55 1.19 0.57 3.47 -00 1.97 
Methylated coal  87.22 6.03 1.14 -13 3.34 .OO 1.54 

a. Benzene soluble  f r a c t i o n  89.40 6.34 1.15 .06 3.02 .OO .03 
b.  Benzene insoluble  f r a c t i o n  85.71 5.43 1.09 .30 4.33 .OO 3.14 

Ethylated coal  87.81 6.33 -94 .37 2.52 .02 2.02 
Butylated coa l  87.24 7.23 -90 .3i  2.17 .oa 2.08 

- 1/ By d i f f e rence .  

TABU3 2. S o l u b i l i t y  of the a lkay la t ed  coa l  

1 Percent so lub le  
1 Benzene Hexane 

Or ig ina l  coal  n i l  0.5 
Methylated c o a l  3 48 

1 
1 

Ethylated c o a l  1.1 95 
Butylated coa l  17 93 

Molecular Weight Determinations. Number average molecular weights of t he  benzene 
soluble  port ions of a lky la t ed  coa l s  and, f o r  comparison, of one sample of petroleum 
asphal tenes ,  were obtained by vapor pressure osmmetry.  Four samples, ranging i n  
concentrat ion from 5 t o  35 grams per 1000 m l  of benzene were used i n  eaah de te r -  
mination and the molecular weight a t  i n f i n i t e  d i l u t i o n  was  obtained by the  method 
of least squares.  A t y p i c a l  p l o t  of molecular weight vs .  concentrat ion is shown 
i n  Figure 2. The r e s u l t s  are summarized i n  Table 3 along with the  molecular 
weights ca l cu la t ed  on an a l k y l - f r e e  bas i s .  I n  c a l c u l a t i n g  the molecular weight 
of  butylated coal on a butyl-free b a s i s ,  i t  w a s  assumed t h a t  t he  bu ty la t ed  c o a l  
contained the  same number ( 8 . 8 )  of a l k y l  groups pe r  100 carbon a t o m  as the 
e thy la t ed  coal .  

i 
TABLE 3. Number-average molecular weights of  a lky la t ed  

Pocahontas v i t r a i n  and petroleum asphal tenes  I 
Number -average molecular weight 

Found Calculated f o r  a l k y l - f r e e  c o a l  

Ethylated coal  3300 2800 
Butylated coa l  4100 3000 
Petroleum asphal tenes  4200 I 
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DISCUSSION 

Formation of the “Coal Anion.” Pocahontas v i t r i n i t e ,  when t r ea t ed  with potassium 
i n  tetrahydrofuran i n  the  presence o f  a small amount of naphthalene, is  converted 
t o  a coa l  anion. An e l e c t r o n  t r a n s f e r  agent such as naphthalene i s  required 
because ne i the r  potassium nor coa l  a r e  so luble  i n  THF. Naphthalene, being so luble  
i n  THF, r ead i ly  r e a c t s  with K O  to form the anion rCl0H 1 . The l a t t e r  i s  a s t rong  
e l e c t r o n  donor and t r a n s f e r s  i t s  charge t o  the  polycycfic aromatic hydrocarbons i n  
c o a l  a s  i l l u s t r a t e d  i n  equation ( 4 )  

By t h i s  method, a l a rge  amount of c o a l  can be converted t o  coa l  anion i n  the presence 
of a small amount of naphthalene.  
anion was found t o  be 9 .5  charges per 100 carbon atoms. When hexamethylphosphoramide 
(HMPA) i s  used as a so lven t ,  an e l ec t ron  t r a n s f e r  agent i s  not requi red  s ince  a l k a l i  
metals a r e  so luble  in HMPA and can r e a c t  d i r e c t l y  with coa l  (1). 

The number of charges assoc ia ted  with the  coa l  

Alkyla t ion  of the Coal Anion and the Effec t  of Alkyl Groups on the  S o l u b i l i t y  of 
the  Alkylated C o a l .  Alkyla t ion  of the  coa l  anion by a l k y l  ha l ide  is analogous 
t o  t h a t  of anthracene anion (equation 5 )  

R H  

R H  

+ 21- (5) 

and may be formulated according to  equation ( 6 )  

Coal”’ + nRX -* Coal nR + nX- ( 6  1 

where n, the number of nega t ive  charges assoc ia ted  with the  coa l  anion expressed 
i n  charges per 100 carbon atoms, i s  about 11. 
a r e  theo re t i ca l ly  ava i l ab le  f o r  a lky la t ion .  The number of a l k y l  groups a c t u a l l y  
introduced w a s  8.1 and 8.8 per 100 carbon atoms i n  the  case  of methyl and e thy l ,  
r e spec t ive ly ,  

A l a rge  por t ion  (52%) of the  methylated coa l  i s  inso luble  i n  benzene i n  s p i t e  of 
the f a c t  t h a t  the number of methyl groups per 100 carbon atoms i s  almost as high 
(7.4) i n  the benzene in so lub le  a s  i n  the  benzene so luble  por t ion  (8.4) .  

Table 2 i l l u s t r a t e s  t he  e f f e c t  of a l k y l  groups on s o l u b i l i t y .  
groups a r e  about twice as e f f e c t i v e  as the  methyl groups i n  imparting benzene 

These are the  negative cen te r s  t ha t  

Ethyl and butyl 
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s o l u b i l i t y  to the  a lkyla ted  coa l .  The e t h y l  group is almost four times as e f f e c t i v e  
a s  the me:hyl group and t h e  butyl group,almost t w i c e  as e f f e c t i v e  as the  e t h y l  group 
i n  so lub i l i z ing  coa l  i n  hexane. 

Molecular Weights and St ruc ture  of Alkylated, Coal and Petroleum Asphaltenes. 
f a c t  t h a t  in t roduct ion  of a l k y l  groups i n t o  lvb  coa l  produces a benzene-soluble 
material points t o  a r e l a t ionsh ip  between t h i s  type of lvb coa l  and petroleum 
asphal tenes .  The latter a r e  soluble i n  benzene i n  s p i t e  of the  f a c t  t h a t  they , 

conta in  a l a rge r  number of r ings  (Q) ( 8  t o  9 )  per  c l u s t e r  than coa l  (2) 
(3 t o  4 r ings  per c l u s t e r ) .  However, petroleum asphal tenes ,  i n  c o n t r a s t  t o  
c o a l ,  conta in  a considerable number of a l k y l  groups a t tached  to the aromatic 
c l u s t e r s  (2). 
petroleum asphaltenes by preventing stacking of the  aromatic c l u s t e r s .  The 
conversion of a lvb coa l  i n t o  a benzene-soluble product by in t roduct ion  of a l k y l  
groups ind ica t e s  t ha t  the  d i f f e rence  between t h i s  coa l  and petroleum asphal tenes  
i s  not one of molecular s i z e  but one of molecular s t ruc tu re .  This view is 
supported by the  f a c t  t h a t  the molecular weights of a lky la t ed  coa l  and petroleum 
asphaltenes are in  the  same range a s  may be seen i n  Table 3. 
weight of the  butylated as compared t o  the  e thy la t ed  coa l  i s  merely a r e f l e c t i o n  
of the higher molecular weight of t he  buty l  group. On an a lky l - f r ee  bas i s ,  the  
d i f f e rence  between the  molecular weights is only  7%, i .e.,  wi th in  the  l i m i t  of 
experimental e r ro r .  Hodek (5). who converted c o a l  by acy la t ion  i n t o  a benzene- 
so lub le  product, reported a molecular weight (on acyl - f ree  bas i s )  of about 2000. 
The molecular weight of 4200 obtained f o r  the  petroleum asphaltenes is i n  good 
agreement with values reported i n  the  l i t e r a t u r e  (5). 
resemble lvb coa l  not only with regard t o  molecular weight but a l s o  with regasd 
to chemical reac t iv i ty ' .  
manner as the coa l  anion, contained 8 negative charges per 100 carbon atoms, 
i.e.,  about as much a s  the  corresponding coa l  anion. 
asphaltene anion with C-14 l abe l l ed  methyl iod ide  yielded a methylated asphaltene 
containing 5 methyl groups per 100 carbon atoms, i .e. ,  about h a l f  as many a l k y l  
groups a s  were incorporated i n t o  the  coa l  molecule. This d i f f e rence  may be due 
t o  steric hindrance caused by the  presence of a l k y l  groups i n  the  aromatic c l u s t e r s  
of the petroleum asphaltenes.  

The 

It i s  these a lky l  groups which impart benzene s o l u b i l i t y  t o  the 

The h igher  molecular 

Petroleum asphal tenes  

A petroleum "asphaltene anion," prepared i n  the same 

Methylation of the  

SUMMARY 
Pocahontas (lvb) coa l ,  when t r ea t ed  with a l k a l i  metal i n  tetrahydrofuran i n  the 
presence of a small amount of naphthalene, i s  converted t o  a "coal anion." The 
coa l  anion i s  formed by t r a n s f e r  of negative charges from the a l k a l i  metal t o  
the  aromatic c l u s t e r s  i n  coal with naphthalene a c t i n g  as an  e l e c t r o n  t r a n s f e r  
agent.  The coa l  anion, containing about 11 charges per  100 carbon atoms is 
r e a d i l y  a lkyla ted  by a l k y l  ha l ides .  
groups per 100 carbon atoms and are so luble  i n  benzene a t  room temperature. 
molecular weight of t h e  a lky la t ed  coals is in t h e  same range as t h a t  of petroleum 
asphal tenes .  The s o l u b i l i t y  i n  benzene of a lky la t ed  coa l  and of petroleum 
asphal tenes  is  believed t o  be due t o  the  presence of a l k y l  groups which prevent 
s tacking  of the  aromatic c l u s t e r s .  

The a lky la t ed  c o a l s  con ta in  about 8 . 5  a l k y l  
The 
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OXIDATION STUDIES ON COKING COAL RELATED TO WEATHERING 

Part 11: The Distribution of Absorbed Oxygen in the Products Resulting 
from the Pyrolysis of Slightly Oxidized Coking Coal 

by. 

B. S. Ignasiak", D. V. Clugston"" and D. S. Montgomery*** 
- - -  

INTRODUCTION 

In the previous paper (1) of this series, the reduction of the 
dilatation of coking coal caused by oxidation in air (2) was studied in 
connection with the development of a more sensitive and a more generally 
applicable method of detecting trace oxidation of coal. It was found inter 
alia, that for Moss 3' coal, the decrease in dilatation was a very sensitive 
indicator of the degree of oxidation. The total oxygen content, measured by 
neutron activation, was 8.55%. A relatively insignificant increase in the 
oxygen content of this coal by an additional 0..2% to 0.4% caused a decrease 
of the dilatation from 15% to 25%. The exposure of a minus 20-mesh, fresh 
sample of this coal for three days in the laboratory, at room temperature 
caused a marked decrease (5% to 10%) in the dilatation. An increase of the 
oxygen content in this coal by approximately 1 .3%,  bringing the total to 
9.85%, caused the complete disappearance of both coking and dilatation 
properties. This level of oxygen content was reached after air oxidation of 
this coal in an oven at 100°C for 7 2  hours. 

There are some differences of opinion on the subject of the mechanism 
of the low-temperature oxidation of coal. However, on the basis of a number 
of papers ( 3 ,  4 ,  5, 6 ) ,  the conclusions are that low-temperature oxidation 
from a chemical point of view leads only to: 

1. An increase in the reactive oxygen groups (-OH, - COOH, C=O). 
2 .  A small decrease in the aliphatic and alicyclic carbon and 

hydrogen content of coal. 

+ASTM Classification, high-volatile A bituminous coal, International 
Classification of Hard Coals 535. 

* Postdoctorate Fellow, National Research Council of Canada; permanent address: 
Department of Coal Chemistry, University of Adam Mickiewicz, Poznan, Poland. 

** Research Scientist, and 
*** Head, Fuels Research Centre, Mines Branch, Department of Energy, Mines and 

Resources, Ottawa, Canada. 
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It was the re fo re  o f  cons iderable  i n t e r e s t  to examine i n  g r e a t e r  d e t a i l  

It seemed 
the  manner i n  which small changes i n  the  reactivq-oxygen groups a f f e c t  c e r t a i n  
physicochemical p r o p e r t i e s  of coking .coal,  f o r  i n s t ance ,  d i l a t a t i o n .  
to u s  t h a t  any l i g h t  t h a t  could be shed on t h i s  problem would be of g rea t  s ig -  
n i f i cance  from t h e  po in t  of view of understanding the ro l e  of oxygen i n  the  
chemistry of the coking process .  This inves t iga t ion  was therefore  a imed  a t  
c l a r i f y i n g  c e r t a i n  a spec t s  of t h i s  problem. 

EXPERIMENTAL 

The inves t iga t ions  were conducted mainly on Mass 3 c o a l ,  though 
Itmann coal- was occas iona l ly  used. 

Samples of t he  f r e s h  coa l s ,  which w e r e  de l ive red  d i r e c t l y  from the  
mines, were grobnd i n  an  argon atmosphere to pass  the 200-mesh (Tyler) sc reen .  
Each was oxidized i n  t h e  two following ways: 

by using atmospheric a i r ,  and 

by using l abe l l ed  oxygen ( 0 ~ ~ ~ ) .  

The oxida t ion  by atmospheric oxygen was performed e i t h e r  i n  an oven 
(100" f o r  seventy-two hours ) ,  or by use o f  an  I R  lamp (25OW) under the conditions 
described i n  a previous paper (1) .  

Oxidation by l a b e l l e d  oxygen w a s  c a r r i e d  o u t ,  a s  follows: 

A 10.5-g por t ion  of Moss 3 coa l  w a s  placed i n  a 250-ml Erlenmayer f l a s k .  A 
gas - t igh t  one-way c a p i l l a r y  stopcock was  then sea led  t o  t h e  top of the f l a s k .  
The sample w a s  evacuated f o r  t h ree  hours a t  room temperature. Then the  temper- 
a t u r e  w a s  ra i sed  t o  70°C and the  evacuation continued u n t i l  the  in s ide  pressure  
dropped t o  0.2 mm of Hg. A t  t h a t  t i m e ,  100 m l  o f  l abe l l ed  oxygen (99.85% by 
volume of 02l8) w a s  in t roduced ,  followed by an  equal  volume of argon. 
c a p i l l a r y  stopcbck w a s  c lo sed  and the  f l a s k  was  sea led  below the  stopcock t o  
completely exclude t h e  in t roduc t ion  o f  atmospheric oxygen. The sealed f l a s k  
was subsequently placed i n  an  oven a t  100°C f o r  seventy-two hours.  The con- 
cen t r a t ion  of O I 8  i n  such oxidized c o a l  w a s  0.66% by weight.  
ox id iz ing  t h e  coal with 0 2 l 8  i s  r e fe r r ed  to  as oxy-018 coa l .  

The 

The product a f t e r  

The coal samples, which were oxidized b y  use of atmospheric oxygen 
o r  an IR lamp, w e r e  pyrolyzed under vacuum i n  the  manner prev ious ly  described 
(l),  except t ha t  the  t o t a l  t i m e  o f  py ro lys i s  was increased from t en  minutes 
to  f i f t e e n  minutes. The pyro lys i s  experiments w e r e  conducted by hea t ing  
successive s a m p l e s  o f  coa l  t o  success ive ly  h igher  temperatures,  a t  i n t e r v a l s  
of apprcximately 50"C, over  t h e  range of temperature 350°C to  800°C. 

%STM C l a s s i f i c a t i o n ,  low-vola t i le  bituminous c o a l ,  I n t e r n a t i o n a l  C l a s s i f i c a t i o n  

The 

o f  Hard Coals 333. 
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content of carbon dioxide and carbon monoxide was analyzed in the pyrolysis 
gas evolved up to a given temperature using a Fisher Partitioner with a double- 
column hexamethylphosphoramide on Chromosorb P, followed by Linde molecular 
sieve 13X. 
carrier gas at a flow rate of 40 mlJmin, 

Helium, with a thermal conductivity detector, was used as the 

Identical experiments were conducted on samples of fresh unoxidized 
Moss 3 coal. The results are presented in Figure 1, which shows the difference 
between fresh and oxidized coal with respect to the oxygen evolved, in the 
form of CO and C02 per gram of coal, as a function of the final temperature of 
pyrolysis. 
in a manner that excluded oxidation by atmospheric oxygen. 
the coal samples were transferred to the vacuum-pyrolysis apparatus described 
previously (l), and pyrolyzed in the temperature range 450" to 950°C. 
concentrations of C0l6, COz16, C0l8, C016018 and CO2l8 in the pyrolysis gases 
were determined by a CEC 21-104 Mass Spectrometer. 

The cokes obtained from the pyrolysis of 0 x y - 0 ~ ~  coal under a vacuum 

The pyrolysis of Moss 3 coal, oxidized with 0218, was conducted 
After oxidation, 

The 

at temperatures from 100" to 950" were subjected once more to a pyrolysis 
process at a temperature of 1050°C. 
of pyrolysis were then converted to carbon monoxide by use of a lampblack- 
nickel catalyst. The pyrolysis and conversion were conducted using the method 
described previously (7), with the exception that the composition of converted 
gas was analyzed by mass spectrometer. 
accuracy in determining the concentration of Cola and C016, it was necessary 
to analyze the content of C2H6 and C2Q in the gas samples from the direct 
pyrolysis of oxy-018 coal. The contents of ethane and ethylene were determined 
using a chromatograph (Aerograph 1500 equipped with a flame-ionization detector 
and a copper column, 0.25-inch I D  by 30 feet length and one-quarter inch diameter, 
packed with silicone DC 200 on Chromosorb P). 
was 33 m1Jmin. 

All oxygen-containing gaseous producfs 

To obtain the necessary level of 

The flow rate of nitrogen used 

RESULTS AND DISCUSSION 

Interesting information can be derived from Figure 1, concerning the 
influences of the two methods of oxidizing coal (IR lamp or oven at 100°C) on 
the differences in yield of oxygen, in the form of C02 and CO, in the result- 
ing gaseous products from the pyrolysis of the oxidized coal (oxycoal). 
conditions were selected so that the amount of oxygen absorbed by each coal 
during oxidation was the same for both methods of oxidation. 
temperature of pyrolysis, more oxygen in the form of C02 and CO was evolved 
per gram of coal when samples were subjected to photo-oxidation under the IR 
lamp than if they were oxidized in the oven. For the samples p oto-oxidized 
by R 1 
02 C02 +CO) = a constant are relatively clear, and can be determined as 
65Q°C for Itmann coal and 752°C for Moss coal. A similar plateau cannot be 

The 

At a given 

3 p, the temperatures of pyrolysis for which 0; = 02 + CO) - tresi? 



- 98 - 

found i n  t h e  case  of t h e  oxida t ion  of t he  c o a l s  i n  a i r  i n  an oven a t  100°C. 
It w i l l  a l s o  b e  observed t h a t  t he  amount of oxygen evolved i n  the  form o f  C02 
and CO during p y r o l y s i s  o f  t he  samples, oxidized a t  l O O " C ,  was  much lower than 
t h a t  when oxidat-ion w a s  conducted by use of an I R  lamp. 
of t h i s  is tha t  a cons iderable  amount o f  oxygen absorbed by coa l  oxidized 
during the  process of ox ida t ion  a t  1OO"C, w a s  later evolved i n  the  form of 
w a t e r  or linked with t h e  tar dur ing  the  subsequent pyro lys i s  of t h i s  oxycoal. 
The shapes of the appropr i a t e  curves i n  Figure 1 suggests t h i s  p o s s i b i l i t y .  

A poss ib l e  explanation 

The i n v e s t i g a t i o n s  t o  fo l low w e r e  l imi ted  t o  Moss 3 coa l  which was 
se lec ted  f o r  t h e  ease wi th  which t h i s  coa l  ox id izes  and f o r  i t s  f l u i d  charac te r .  
l abe l l ed  oxygen, 0218, w a s  used f o r  the oxida t ion  of t h i s  coa l  a t  100°C, a s  
prev ious ly  described. It was assumed that the  mechanism of t he  oxida t ion  o f  
Moss 3 coa l  a t  100°C would resemble a somewhat acce lera ted  weathering process. 
The advantages o f  this  method of ox ida t ion  w e r e  t h a t  even though the coa l  was 
but  s l i g h t l y  oxid ized ,  s i m i l a r  to weathered coa l ,  it w a s  s t i l l  poss ib l e  to  
i d e n t i f y  and determine, with p rec i s ion ,  the  low concent ra t ions  of products,  
such as ,  CO1*, C0z18, C0l8O16 and H2018. 
pyro lys i s  of 0 x y - 0 ~ ~  coa l  are presented i n  Table I. 
g raph ica l ly  i n  Figure 2 t o  show the  d i f f e r e n t  manner i n  which t h e  gases  a r e  
evolved. 
pyro lys i s  reaches the h ighes t  va lue  a t  450°C and remains on the  same l e v e l  
during successive p y r o l y s i s  experiments a t  h igher  temperatures,  r i g h t  up to 
950°C. 
of 0 x y - 0 ~ ~  coal s e e m s  t o  be  s t rong  evidence t h a t  some oxygen groups,  c rea ted  
during oxida t ion  of t h i s  c o a l ,  decompose completely to  C02l8 o r  C0l8O16 below 
450°C. 

The r e s u l t s  obtained d i r e c t l y  from 
These d a t a  a r e  presented 

The amount of 0l8 i n  t h e  form of CO218 and C018016 i n  gas  from 

The manner i n  which the  CO218 and ~ 0 1 8 0 1 6  are evolved dur ing  pyro lys i s  

The continuous increase of 018 evolved i n  the  form of C0l8 may be 
observed i n  Figure 2 ,  du r ing  the  increase  of t he  temperature o f  py ro lys i s .  
The shape of the curve o f  evolu t ion  of 018 i n  the  form o f  C 0 l 8  i s  s i m i l a r  to 
t he  analogous curve f o r  C 0 l 6 .  
a t u r e s  of py ro lys i s ,  the r e l a t i v e  amount of evolved C 0 l 8  i s  much h igher  than 
f o r  ~ 0 1 6 .  

However, even he re ,  e s p e c i a l l y  a t  lower temper- 

The r e l a t i v e l y  h igh  concent ra t ion  o f  combined 0l8 i n  t h e  gaseous 
products o f  low- temperature py ro lys i s  agrees with the  independently measured 
rap id  decrease of 018 i n  t h e  r e s u l t i n g  coke, as shown i n  Figure 3. 
by weight of 0l8 p re sen t  i n  oxy-018 coa l  i s  removed dur ing  py ro lys i s  o f  t h i s  
coa l  a t  40OoC. Only about 14% of 016 is  removed from t h e  same coa l  during 
pyro lys i s  a t  400°C. 
temperature reached 430"C, which i s  the  temperature of maximum cont rac t ion  
of Moss 3 coal,  a r ap id  decrease  i n  the  concent ra t ion  of 0l8 and 016 i n  s e m i -  
coke occurred. 

About 60% 

It w i l l  a l s o  be  observed i n  Figure 3 t h a t  when the pyro lys is  

I 

I 

The evidence from the  py ro lys i s  of 0 x y - 0 ~ ~  c o a l ,  presented in  Figure 4 ,  
showed t h a t  the main p a r t  of 0l8 occurs i n  the  py ro lys i s  product we may cal l  
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" t a r  +water".  
balance derived from the r e s u l t s  previously presented i n  Tables 1 and 2. 
ma te r i a l  balance was based on the  quan t i ty  of coke and gas produced per gram 
of c o a l ,  the  experimental concentrat ions of 0l8 i n  the coke and gas ,  and the  
measured i n i t i a l  amount of 0l8 i n  oxy-0l8 coal  before  py ro lys i s .  The d e t e r -  
mination of  0l8 i n  the coke and gas r equ i r e s  some add i t iona l  comment. 
determination of Ol8 i n  coke, the  method described i n  t h e  e a r l i e r  paper (8) 
was app l i ed ,  with t h e  exception tha t  the concentration of C0l8 i n  converted 
gas was determined by mass spectrometry on the  b a s i s  of t h e  peak a t  e 30. 
The concentrat ion of C2H6,'in t h e  converted gas ,  was found by gas  chromatography 
t o  be less than by volume. So, t h e  in t e r f e rence  by t h i s  c o n s t i t u e n t  a t  m e 30 should not be a s e r ious  matter.  When the  concentrat ions of C0l8 and C 0 l 6  
i n  gas from d i r e c t  py ro lys i s  of 0 x y - 0 ~ ~  coal  were determined, t h e  concentrat ions 
of C2H6 vere measured i n  the  gas samples from each py ro lys i s  experiment by gas 
chromatography . 

The da ta  presented in  t h i s  f i g u r e  were obtained from a ma te r i a l  

i\ This 

For the 

. 
m 

The r e s u l t s  obtained were taken i n t o  account t o  f ind  t h e  proper 
I concentrat ions of C 0 l 8  from mass spectrum. From t h e  precaut ions taken and the 
I 

I 
l e v e l  of r ep roduc ib i l i t y ,  i t  was considered t h a t  the  concentrat ions of 0l8 
found i n  coke and gas ,  a s  shown i n  Figure 4 ,  were character ized by a r e l a t i v e l y  
high l e v e l  of accuracy. 
+ w a t e r  owing t o  i t s  r e l a t i v e  magnitude, should l ikewise have comparable accuracy. 
It i s  necessary t o  stress the importance of t h i s  accuracy, due t o  t h e  s ign i f i cance  
at tached to the  oxygen present  i n  the  tar i n  determining t h e  coking p rope r t i e s  
of c o a l ,  and due to the  su rp r i s ing ly  high concentrat ion of 0l8 i n  t a r  + water 
obtained from pyrolysis  a t  450°C. 
the  t a r  +wa te r  of about 3.8% t o  4.0% by weight. In s p i t e  of t h e  f a c t  t h a t  the  
t a r  +water consis ted only of about 10% by weight of 0 x y - 0 ~ ~  c o a l ,  i t  contained 
approximately 609, of a l l  0l8 absorbed by t h i s  coa l  during ox ida t ion .  On the  
o the r  hand, the concentrat ion of 0l8 i n  the semicoke from pyro lys i s  a t  450°C 
i s  r e l a t i v e l y  s m a l l ,  t h a t  is, 15% of t h e  l abe l l ed  oxygen e x i s t i n g  i n  0 x y - 0 ~ ~  
coa l ,  which i s  approximately 0.08% t o  0.1% by weight of coke. 

Therefore,  the ca l cu la t ed  concentrat ion of 0l8 i n  t a r  1 

This amounts t o  a concen t r a t ion  of 0l8 i n  

The observation t h a t  t h e  h ighes t  concentrat ion of 018 was found i n  
the  p a r t  of the organic  mat ter  of c o a l ,  which cracks t o  produce t a r  + water 
during low-temperature py ro lys i s ,  appears t o  be cons i s t en t  w i th  the  v i e w  tha t  
t h i s  p a r t  of the  oeganic matter of coal  can be roughly i d e n t i f i e d  with the 
most ex t r ac t ab le  p a r t  of coal.  
i s  responsible  f o r  coking p rope r t i e s  (8.9). 

This f r a c t i o n ,  in the  opinion of many au tho r s ,  

Remvacek ( 9 )  has found that the  oxidat ion of coking coa l  can cause 
the change of the  chemical cha rac t e r  of i ts  chloroform e x t r a c t ,  which becomes 
s imi l a r  t o  the  chloroform e x t r a c t  from non-coking coa ls .  In t h i s  paper,  by 
q u i t e  a d i f f e r e n t  rou te ,  i t  has  been found t h a t  r e l a t i v e l y  s l i g h t  oxidat ion 
of coal  causes the l a r g e s t  changes, measured by inc rease  of oxygen, i n  the  
p a r t  of the coking coa l ,  which can m o s t  e a s i l y  be cracked during heat ing t o  
form t a r .  
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It seems h i g h l y  u n l i k e l y  t h a t  the mild condi t ions  of ox ida t ion  appl ied 
i n  t h i s  research could b a s i c a l l y  change the s t r u c t u r e  of the t a r  por t ion  of 
t h i s  c o a l  o ther  than t h a t  a number of  reactive-oxygen groups were introduced. 
Berkowitz (8) suggests  t h a t  the oxygen i n  the form of  COOH o r  OH groups cannot 
cause t h e  change of  coking proper t ies  of c o a l .  Though a s l i g h t  increase  of 
these  groups. during o x i d a t i o n  of  c o a l ,  can probably not br ing about - by 
i t s e l f  - so marked a change i n  the  physico-chemical p r o p e r t i e s  of coa l ;  never- 
t h e l e s s ,  there  appears  t o  be a s t rong p o s s i b i l i t y  t h a t  the  thermal decomposition 
of  the OH groups, c rea ted  during oxida t ion ,  r e s u l t s  i n  the  formation of  e ther -  
type  c r o s s l i n k s  of  very  cons iderable  thermal s t a b i l i t y .  A very s m a l l  number 
of  such bonds can s t i f f e n  t h e  whole s t r u c t u r e ,  and decrease the  p l a s t i c  proper t ies  
of  coa l ,  e s p e c i a l l y  the  d i l a t a t i o n .  The ta r  f r a c t i o n  i s  of  s p e c i a l  s ign i f icance  
as  a p o t e n t i a l  source of  e t h e r  bonds, because of the high content of oxygen 
shown to be introduced i n t o  t h i s  f r a c t i o n .  Creation of  c ross l ink  e t h e r  bonds 
should be  accompanied by t h e  evolut ion of water ,  i n  our  case ,  H20I8. 
found by mass spectrometry t h a t  t h e  r a t i o  H2018/H2016 possessed the highest  
va lue  when the p y r o l y s i s  experiments were conducted a t  the  lowest temperatures, 
Table 3 .  
( i n  gaseous s t a t e ;  760 nun o f  Hg; 20°C) w a s  evolved during pyro lys i s  of  0 x y - 0 ' ~  
c o a l .  
a s  the  r e s u l t  of  the  condensation of  such groups a s  R 1  - 0168 and HO18 - R 2 ,  
t h i s  means t h a t  t h e  volume of  gaseous w a t e r  a t  760 mm of Hg and 20°C evolved 
from condensation r e a c t i o n s  leading t o  the  disappearance of  d i l a t a t i o n  p r o p e r t i e s  
w i l l  be approximately one m l .  It can be concluded from t h i s  observat ion t h a t  
o n l y  about 1 2 %  of  t h e  t o t a l  l abe l led  oxygen absorbed during oxida t ion  i s  res- 
ponsible  f o r  t h e  l o s s  of  d i l a t a t i o n  r e s u l t i n g  from the  e t h e r  bonds. It should 
be mentioned t h a t  the  propor t iona te  increase  of non-react ive oxygen groups 
( e t h e r  groups) i n  cokes, t h a t  occurs  on low-temperature pyro lys i s  has been 
noted by o t h e r  s c i e n t i s t s  ( 1 0 , l l ) .  This seems t o  be s u b s t a n t i a l ,  though not 
s u f f i c i e n t  confirmation of  our  hypothesis  t h a t  i t  i s  not  the OH groups per  se 
t h a t  cause the loss of  swel l ing  p r o p e r t i e s  bu t  t h e  f a c t  that  these groups undergo 
condensation r e a c t i o n s  as t h e  temperature i s  elevated t o  y i e l d  e t h e r  type c ross  
l inks.  The search f o r  a d d i t i o n a l  support f o r  t h i s  hypothesis  w i l l  be t h e  purpose 

It w a s  

Mass spectrometry a l s o  revealed t h a t  approximately 0.5 m l  o f  H2018 

Since t h e r e  e x i s t s  t h e  same p r o b a b i l i t y  of  evolut ion of H 2 0 I 8  as H 2 0 I 6  

o f  

1. 

2. 

3 .  

4 .  

the  next  paper of  t h i s  ser ies .  
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SOLVATION OF SOME BITUMINOUS COALS I N  QUINOLINE BY 

ULTRASONIC IRRADIATION 

T. Kessler, R. A.  F r i e d e l ,  and A .  G .  Sharkey, Jr. 

P i t t s b u r g h  Coal Research Center ,  Bureau of Mines 
U.S. Department of  t h e  I n t e r i o r ,  P i t t sburgh ,  Pa. 

INTRODUCTION 

The f i r s t  a p p l i c a t i o n  o f  u l t r a s o n i c  irr d i a t i o n  t o  d i s p e r s e  the  a! f r a c t i o n  o f  
coa l  i n  pyridine was repor ted  by B e r k o w i t z d  Kirkby, Lakey, and S a r j a n t  have 
inves t iga ted  t h e  u l t r a s o n i c  s o l v a t i o n  of  c o a l s  o f  d i f f e r e n t  ranks i n  pyridine.z/  
In addi t ion  t o  an i n f r a r e d  study of  the  coa l  e x t r a c t s ,  these au thors  have descr ibed 
t h e  e f f e c t s  of i r r a d i a t i o n  t ime,  c o a l  rank, p a r t i c l e  s i z e ,  and char r ing  tempera- 
t u r e  on t h e  amount o f  c o a l  s o l u b i l i z e d .  Li t t lewood,  who a l s o  used pyr id ine  a s  a 
so lvent ,  s tudied the s o l u b i l i z a t i o n  of  coa l  a s  a funct ion of t h e  d is tance  of  the  
e x t r a c t i o n  vesse l  t o  the  u l t r a s o n i c  t ransducer ,  generator  output  power, and coal  
rank.2/ We have descr ibed  the  u l t r a s o n i c  s o l v a t i o n  of hvab coa l  a t  ambient t emp-  
e r a t u r e  using quinol ine ,  p y r i d i n e ,  ormamide, N-N-dimethylformamide, and 1 ,2 ,3 ,4-  

e x t r a c t  w a s  obtained wi th  quinol ine ;  a f t e r  4 hours of u l t r a s o n i c  i r r a d i a t i o n  
approximately h a l f  of  the  coa l  w a s  s o l u b i l i z e d ,  two and one-half  t i m e s  the y i e l d  
wi th  pyridine.  

te t rahydronaphthalene a s  solvents . -  4f . I n  our  i n v e s t i g a t i o n  t h e  h i g h e s t  y ie ld  of  

EXPERIMENTAL 

The i d e n t i f i c a t i o n  of  t h e  c o a l s  used i n  t h i s  i n v e s t i g a t i o n  a r e  given i n  
t a b l e  1. 

Table  1.- I d e n t i f i c a t i o n  o f  c o a l s  

- Coal I d e n t i f i c a t i o n  

1 V i t r a i n ,  h i g h - v o l a t i l e  A bituminous P i t t s b u r g h  seam, Bruceton, 
Allegheny County, Pennsylvania 

2 High-vola t i le  A bituminous, P i t t s b u r g h  seam, Valley Camp No. 3 ,  
Ohio County, West Virg in ia  

3 High-vola t i le  A bituminous, bottom bench, Noon Mine, Ohio 

4 H i g h - v o l a t i l e  A bituminous, Kentucky No. 11 bed, Vogue Mine, 
Muhlenberg County, Kentucky 

5 High-vola t i le  B bituminous, I l l i n o i s  No.  5 (c)  Red Ember No. 2 ,  
Ful ton County, I l l i n o i s  

A commercial u l t r a s o n i c  genera tor  o p e r a t i n g  a t  a frequency of 80 Khz w i t h  a 
Samples of  coal i n  5 m l  of  solvent  were t o t a l  yower oc tput  o f  80 w a t t s  was used. 

u l t r a s o n i c a l l y  i r r a d i a t e d  a t  ambient temperature i n  an a i r  atmosphere. 
i a t i o n  t i m e  used i s  given i n  each experiment. 
i r r a d i a t e d  in f l a t  bottomed g l a s s  v i a l s  (80 mm x 20 mm d iameter ) .  
immersed i n  the u l t r a s o n i c  genera tor  tank (conta in ing  H20) to  the p o s i t i o n  a t  
which maximum a g i t a t i o n  of t h e  sample was observed. 
vent -ex t rac t  mixture was removed from t h e  coal  res idue by c e n t r i f u g a t i o n .  

The i r r a d -  
The coa l -quinol ine  s l u r r i e s  were 

The v i a l s  were 

A f t e r  i r r a d i a t i o n ,  the so l -  
The 
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c o a l  res idue  was then washed with two 5-ml po r t ions  of qu inol ine  and two 5-1 por- 
t i o n s  o f  benzene. The res idue  w a s  then a i r  d r i e d  a t  looo C to cons tan t  weight and 
used a s  the b a q i s  f o r  determining the  amount of so lva t ion  according t o  the  method 
of Curran and co-workers;z/ the  y i e l d s  of e x t r a c t  determined by t h i s  method a r e  on 
a maf bas i s .  

RESULTS AND DISCUSSION OF RESULTS 

Parameter Inves t iga t ion  

Carbon Content 

One-half gram s q p l e s  of various coa l s  (-325 mesh) and 5 m l  of qu inol ine  were 
u l t r a s o n i c a l l y  i r r a d i a t e d  f o r  4 hours a t  ambient temperature. 
given i n  t a b l e  2. 

The r e s u l t s  a r e  

Table 2.- Amount of coa l  solvated versus  carbon content  

Carbon content  of start- 
Sample Weight percent so lva ted  ing  coa l ,  percent  (maf) 

Coal 1" hvab 49.2 82.9 

2 hvab 23.2 81.7 

<4 hvab 17.8 78.8 

5 hvbb 17.6 76.9 

* See t a b l e  1 f o r  complete i d e n t i f i c a t i o n  of samples 

These d a t a  show t h a t  a c o r r e l a t i o n  e x i s t s  between carbon con ten t  and t h e  amount o f  
c o a l  ex t r ac t ed  with quinol ine .  Of the  coa l s  i nves t iga t ed ,  t he  amount o f  ma te r i a l  
so lub i l i zed  decreased as the  carbon content  of the  s t a r t i n g  c o a l  decreased. 
Kirkby and co-workers repor ted  a d e f i n i t e  re a t i o n s h i p  between carbon content  and 
the  amount of coa l  so lub i l i zed  by pyr id ine .2  1 
I r r a d i a t i o n  Time- -Coal 

One-half gram samples of Pi t t sbu rgh  seam hvab v i t r a i n  (-325 mesh) and 5.0 m l  

A con t ro l  was obtained by adding coa l  t o  the  
of quinol ine  were u l t r a s o n i c a l l y  i r r a d i a t e d  for per iods  ranging from 15 minutes 
t o  24 hours a t  ambient temperature. 
qu inol ine  and then immediately removing the so lven t  us ing  t h e  s tandard  procedure 
described earlier. The amount of coa l  so l -  
vated var ied  f r w  16  percent  f o r  15 minutes of i r r a d i a t i o n  t o  77 pe rcen t  f o r  24 
hours.  
2 hours of i r r a d i a t i o n .  
f o r  Brockwell 301 coa l  i n  py r id ine  occurred dur ing  the  f i r s t  hour of i r r ad ia t ion . /  

The r e s u l t s  a r e  shown i n  f i g u r e  1. 

The l a r g e s t  increase  i n  s o l u b i l i z e d  m a t e r i a l  occurred dur ing  the  f i r s t  
Lit t lewood has repor ted  t h a t  t he  h ighes t  e x t r a c t i o n  r a t e  

Coal Chars 

The chars 'used  in these  experiments w e r e  prepared by t h e  following procedure: 
P i t t sbu rgh  seam hvab coal was hea ted  t o  the  d e s i r e d  temperature f o r  1 hour i n  a 
n i t rogen  atmosphere, a i r  cooled, and then crushed t o  s i z e .  Chars w e r e  produced 
a t  temperatures of 27S0 C,  37S0 C ,  and 47S0 C. 
s t a r t i n g  coa l  (30 x 80 mesh) o r  char  (30 x 80 mesh) w e r e  added t o  5 m l  of quino- 
l i n e  and u l t r a s o n i c a l l y  i r r a d i a t e d  f o r  4 hours. 

One-half 'gram samples of the 

The r e s u l t s  a r e  shown i n  t ab le  3. 
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Table 3. - Solva t ion  as a funct ion of char r ing  temperature 

Char Weight percent  solvated - 
S t a r t i n g  coal  18 

275' C 6 

375" c 37 

475" c 17 

Solva t ion  of s i m i l a r  chars  has been descr ibed by Walters  and co-workers using 
Soxhlet  e x t r a c t i o n  wi th  chloroform a s  the  so lvent  .6/ 
0.6,  4.8, and 1.1 percent  were reported f o r  300' C ,  400" C ,  and 500" C chars ,  
r e s p e c t i v e l y .  In  both the u l t r a s o n i c  and Soxhlet  e x t r a c t i o n s ,  y i e l d s  followed t h e  
same p a t t e r n .  Walters has a l s o  concluded t h a t  maximum e x t r a c t i o n  occurs  f o r  chars  
prepared a t  the  temperature of maximum f l u i d i t y .  
co-workers reported t h a t ,  f o r  a v i t r a i n - p y r i d i n e  mixture ,  g r e a t e s t  u l t r a s o n i c  sol-  
va t ion  occurred with t h e  o r i g i n a l  coal .21 

Chloroform s o l u b i l i t i e s  of  

I n  c o n t r a s t  t o  t h i s ,  Kirkby and 

P a r t i c l e  S ize  

A por t ion  of t h e  375" C char  (30 x 80 mesh) used i n  the experiments descr ibed 
previously w a s  crushed t o  -325 mesh. One-half gram samples o f  t h e  30 x 80 mesh o r  
-325 mesh chars  and 5 m l  of  quinol ine were u l t r a s o n i c a l l y  i r r a d i a t e d  f o r  4 and 
24 hours .  The r e s u l t s  a r e  shown i n  t a b l e  4. 

Table 4.- Solva t ion  versus  p a r t i c l e  s i z e  

I r r a d i a t i o n  time (hours)  Mesh s i z e  Weight percent  solvated 

4 -325 65 

4 30 x 80 37 

24 -325 82 

24 30 x 80 77 

For the s h o r t e r  i r r a d i a t i o n  time, these  d a t a  show t h a t  t h e  p a r t i c l e  s i z e  of  
t h e  s t a r t i n g  coa l  i s  an important f a c t o r  f o r  the  u l t r a s o n i c  s o l u b i l i z a t i o n  of  chars  
i n  quinol ine .  
approximately the same amount o f  s o l v a t e .  Li t t lewood,  using coal-pyridine systems, 
has  a l s o  reported t h a t  t h e  amount of u l t r a s o n i c  s o l u b i l i z a t i o n  i s  dependent upon 
the  p a r t i c l e  s i z e  of the  s t a r t i n g  mater ia l .3 /  

Af te r  ex tens ive  i r r a d i a t i o n  (24 hours)  both s i z e s  of char  produced 

I r r a d i a t i o n  Time --Char 

F igure  1 a l s o  shows t h e  percent  so lva t ion  i n  quinol ine  versus  i r r a d i a t i o n  
time f o r  a 375' C char  (-325 mesh) produced from Pi t t sburgh  seam c o a l .  
of char  solvated ranged from 46 percent  f o r  2 hours t o  82 percent  f o r  24 hours. 
The s o l v a t i o n  r a t e  f o r  the  char  i s  s i m i l a r  t o  t h a t  of  t h e  v i t r a i n ,  t h e  h ighes t  
e x t r a c t i o n  rate occurr ing dur ing  the f i r s t  2 hours of i r r a d i a t i o n  f o r  both mater iq ls .  

The amount 



-log-. 

Temperature 

Ten percent  s l u r r i e s  of  P i t t s b u r g h  s e a m  hvab coa l  (-325 mesh) i n  quinol ine  
were u l t r a s o n i c a l l y  i r r a d i a t e d  f o r  4 hours a t  ambier.t temperature and 80" C. 
r e s u l t s  of t h e s e  experiments a r e  given i n  t a b l e  5. 

The 

Table 5.- Coal s o l v a t i o n  as a func t ion  of temperature 

Temperature Weight percent  so lva ted  

Ambient (36" C)* 22 

80" C 25 

*Ultrasonic a c t i o n  increased the  temperature of the  
water  bath t o  36O C 

Li t t lewood found t h a t  e x t r a c t i o n  a t  90" C d id  not  increase  the  y i e l d  o f  s o h -  
b i l i z e d  coa l  i n  pyridine.21 Littlewood a l s o  s t a t e d  t h a t  t h i s  w a s  cont ra ry  t o  t h e  
f ind ings  of Mert ins ,  who reported t h a t  a temperature of  80° C gave a three- fo ld  
increase  i n  so lva t ion  y i e l d . l l  Our d a t a  appear  t o  s u b s t a n t i a t e  the  f ind ings  of 
Littlewood; namely, a two-fold increase  i n  temperature  r e l a t i v e  t o  ambient tempera- 
t u r e  has  l i t t l e  e f f e c t  on u l t r a s o n i c  s o l u b i l i z a t i o n .  

S u l f u r  Removal 

One-half gram samples o f  var ious  bituminous c o a l s  (-325 mesh) i n  quinol ine  
were u l t r a s o n i c a l l y  i r r a d i a t e d  f o r  4 hours  a t  ambient temperature. T o t a l  s u l f u r  
analyses  were obtained f o r  t h e  e x t r a c t s .  The r e s u l t s  o f  t h e s e  ana lyses  and the 
analyses  of  t h e  s t a r t i n g  c o a l s  are shown i n  t a b l e  6. 

Table 6.- S u l f u r  ana lyses  

Weight percent  s u l f u r  
Sample Rank Extrac t  S t a r t i n g  c o a l  Percent  removed 

Coal 1* hvab 0.6 1.0 40 

2 hvab 1.9 3.5 46 

3 hvab 4.1 7.5 46 

5 hvbb 2.1 3.9 45 

375' C char ,  
P i t t s b u r g h  
seam coal  

0.7 1.2 42 

* See t a b l e  1 f o r  complete i d e n t i f i c a t i o n  o f  samples. 

I n  these  f i v e  samples t h e  s u l f u r  is 40 t o  46 percent  lower i n  the e x t r a c t s  
than i n  the  s t a r t i n g  coa l .  
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To determine the  type of  s u l f u r  removed by u l t r a s o n i c  s o l u b i l i z a t i o n  of c o a l ,  

See Coal 4 ,  Table  1, f o r  complete i d e n t i f i c a t i o n  of sample. 
s u l f u r  forms ana lyses  were obtained from a quinol ine  e x t r a c t  of a Kentucky NO. 11 
raw head coal  sample. 
The r e s u l t s  o f  t h e  e x t r a c t  toge ther  wi th  d a t a  f o r  t h e  s t a r t i n g  coa l  a r e  given i n  
t a b l e  7. 

Table 7.- S u l f u r  forms analyses  

Weight percent  
P y r i t e  S Organic S S u l f a t e  S T o t a l  S 

S t a r t i n g  coal  5 .5  3.7 1.8 0.12 

Extrac t  1 . 9  0.03 1.8 0.04 

These da ta  show t h a t  removal o f  t h e  p y r i t i c  s u l f u r  accounts f o r  the decrease i n  
s u l f u r  content  o f  the  e x t r a c t .  

Ash Removal 

Ash determinat ions were made on t h e  e x t r a c t s  prepared a s  descr ibed above. 
The resul ts ,  toge ther  wi th  the  ana lyses  o f  the  s t a r t i n g  coa ls ,  a r e  given i n  t a b l e  8 .  

Table  8.- Ash ana lyses  

Weight percent  
Sample - Rank E x t r a c t  S t a r t i n g  coa l  Percent removed 

Coal 1* hvab 1 . 3  1 . 7  24 

2 hvab 1 .0  6 .7  85 

3 hvab 3 . 4  15.4 78 

4 hvab 3.3 1 2 . 4  87 

375" C char, 
P i t t sburgh  
seam hvab 

1.0 7.5 73 

* See t a b l e  1 f o r  sample i d e n t i f i c a t i o n  

The lower ash  va lues  i n  t h e  quinol ine  e x t r a c t s  can be  a t t r i b u t e d  t o  u l t r a -  
sonic  gr inding which causes  submicron s i z e  p a r t i c l e s  t o  b e  formed; the  ash par-  
t i c l e s  a r e  removed from t h e  e x t r a c t s  by a washing procedure dur ing  the e x t r a c t  
p repara t ion  descr ibed e a r l i e r .  
fol lowing experiment. The wash water  from one of t h e  e x t r a c t  p repara t ions  was 
saved and evaporated to dryness .  The f l u f f y  light-brown residue t h a t  remained 
was analyzed by emission spectroscopy and found t o  conta in  20-30 percent  S i ,  
10-20 percent  A l ,  and 1-5 percent  Fe. 
s i m i l a r  to those found i n  coa l  ash .  

Reuse of Quinol ine 

Evidence f o r  t h i s  phenomenon was observed i n  the  

The concent ra t ions  of S i ,  A l ,  and Fe a r e  

It has  been observed i n  an i n v e s t i g a t i o n  u t i l i z i n g  a h igh-boi l ing  c o a l - t a r  
f r a c t i o n  a s  a s o l v e n t  t h a t  the  s o l v a t i n g  power of  t h e  recycle  m a t e r i a l  decreased 
by s e v e r a l  percent  w i t h  each pass.E/ 
weight compounds produced by t h e  sonolys is  of qu inol ine  o r  ex t rac ted  during the 

I n  order  t o  determine i f  high molecular 
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u l t r a s o n i c  i r r a d i a t i o n  of  coa l -quinol ine  mixtures  a f f e c t  t h e  e f f i c i e n c y  of recycled 
quinol ine ,  the  following experiments were performed. 

The f r e s h  quinol ine  used i n  t h i s  i n v e s t i g a t i o n  has  a b o i l i n g  range o f  235'- 
237' C and conta ins  approximately 0.1 percent  methyl qu inol ines  a s  determined by 
mass spectrometry. The d i s t i l l a t e  of  the  so lvent  from u l t r a s o n i c a l l y  i r r a d i a t e d  
quinol ine-coal  e x t r a c t  mixtures  conta ins  a f r a c t i o n  b o i l i n g  from 235'-239' C 
(pr imar i ly  quinol ine) ,  Frac t ion  1, and a f r a c t i o n  b o i l i n g  h igher  than 239" C,  
Frac t ion  2. Frac t ion  1 c o n s t i t u t e s  98 percent  of  t h e  d i s t i l l a b l e  s o l v e n t  and 
Frac t ion  2 c o n s t i t u t e s  t h e  o t h e r  2 percent .  The doped so lvent  used i n  this exper i -  
ment cons is ted  of  90 percent  of  Frac t ion  1 (b.p. 235'-239' C) and 10 percent  of 
Frac t ion  2; the  concent ra t ion  o f  h igher  b o i l i n g  m a t e r i a l  was, t h e r e f o r e ,  5 times 
more than t h a t  found i n  u l t r a s o n i c a l l y  i r r a d i a t e d  quinol ine-coal  mixtures .  

One-half gram samples of  P i t t s b u r g h  seam hvab coa l  (-325 mesh) and 5 m l  of 
doped quinol ine o r  Frac t ion  1 (see  above) were u l t r a s o n i c a l l y  i r r a d i a t e d  f o r  
4 hours a t  ambient temperature. The r e s u l t s  of these  experiments, and of an 
e x t r a c t i o n  with "fresh" quinol ine ,  a r e  shown i n  t a b l e  9. 

Table 9.- Solva t ion  of c o a l  i n  used quinol ine  

Weight percent  
-. Solvent  of c o a l  solvated 

Doped-reclaimed quinol ine  (10 percent  
b o i l i n g  > 239' C)* 

28 . 

Frac t ion  1 (b.p. 235'-239' C>* 29 

"Fresh" quinol ine  (b .p. 235' -237' C) 27 

* See text f o r  d e s c r i p t i o n  

I n  another  series of  experiments, s l u r r i e s  c o n s i s t i n g  of 0.5 gm Pi t t sburgh  
seam hvab coa l  (-325 mesh) and 5.0 m l  of  so lvent  were u l t r a s o n i c a l l y  i r r a d i a t e d  
f o r  4 hours a t  ambient temperature. A f t e r  t h e  coa l  res idue  was removed following 
each e x t r a c t i o n ,  the  quinol ine  and ex t rac ted  m a t e r i a l  were used a s  the  "solvent" 
f o r  the  next  e x t r a c t i o n  o f  "fresh" coa l .  The r e s u l t s  of  these  experiments a r e  
shown i n  t a b l e  10.  

Table 10.-  Recycled quinol ine  e x t r a c t  and f r e s h  coal 

Experiment Solvent 

I* Fresh quinol ine  

I1 Quinol ine  + e x t r a c t  from I** 

111 Quinol ine  + e x t r a c t  from II** 

IV Quinol ine  + e x t r a c t  from III** 

0.5 -,Pittsburgh seam hvab coa l  (-325 TC * 
a l l  4 experiments. 

Cumulative Weight percent  
e x t r a c t ,  so lva ted  

weight percent  i n  4 hours 

26 26 

52 26 

88 28 

- Not obtained,  
see  t e x t  

sh)  used f o r  

f;k Solvent  (quinol ine + e x t r a c t )  obtained from preceding experiment by 
removal of coa l  ' r es idue  by c e n t r i f u g a t i o n .  
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The m i x t u r e  a t  t h e  end o f  Experiment I V  waa so viscous t h a t  it could not  be I 
I 

be determined. I 

separated by c e n t r i f u g a t i o n .  Consequently, t h e  percent  of coa l  solvated could not  

From these d a t a  i t  appears  t h a t  h igh-boi l ing  compounds ex t rac ted  ( o r  produced 
by the sonolysis  of the  s o l v e n t )  during the  u l t r a s o n i c  i r r a d i a t i o n  of coal-quinol ine 
s l u r r i e s  have l i t t l e  o r  no e f f e c t  on the  amount of coa l  s o l u b i l i z e d  by reused 
quinol ine .  

Crude Quinoline-Base Mixture 

A 0.5 gm sample of  P i t t s b u r g h  seam hvab v i t r a i n  (-325 mesh) and 5 m 1  of crude 
quinol ine bases were u l t r a s o n i c a l l y  i r r a d i a t e d  f o r  4 hours a t  ambient temperature. 
The crude quinol ine bases  (obtained from a commercial high-temperature coking oper- 
a t i o n )  had a b o i l i n g  range of 99" C t o  238" C and contained 50 percent  quinol ine.  
Only one percent  of t h e  c o a l  was s o l u b i l i z e d ,  

The crude quinol ine-base f r a c t i o n  was found t o  conta in  9 percent  H20. To 
determine i f  H20 i n h i b i t s  u l t r a s o n i c  e x t r a c t i o n ,  0 .5  gm of t h e  P i t t sburgh  seam 
v i t r a i n  (325 mesh) used above and 5.0 m l  of  a mixture  containing 80 percent  pure 
quinol ine  and 20 percent  H20 was i r r a d i a t e d  f o r  4 hours. T h i s  experiment pro- 
duced only 9.5 percent  e x t r a c t ,  compared with 49 percent  us ing  pure quinol ine.  

Water was d i s t i l l e d  from the  crude quinol ine-base f r a c t i o n ,  and t h e  experi-  
ment was repeated.  The water - f ree  f r a c t i o n  ( b o i l i n g  range 220"-238" C) solvated 

t h e  s o l v a t i o n  power of t h e  quinol ine .  Mert ins  a l s o  reported t h a t  t h  presence of 
38 percent  of  the  c o a l .  These d a t a  i n d i c a t e  t h a t  t h e  presence of water  reduces 1 

i water  i n  pyridine reduced t h e  e x t r a c t i o n  e f f i c i e n c y  of t h e  solvent.- 7 9  

SUMMARY I 

This  i n v e s t i g a t i o n  o f  t h e  u l t r a s o n i c  i r r a d i a t i o n  of bituminous coal-quinol ine 
mixtures  has shown: 

1. There i s  a n  apparent  c o r r e l a t i o n  between the carbon content  o f  the bitum- 
inous c o a l s  inves t iga ted  and the  amount of m a t e r i a l  s o l u b i l i z e d ;  t h a t  i s ,  t h e  amount 
of m a t e r i a l  s o l u b i l i z e d  decreased as the  carbon content  of the  s t a r t i n g  coa l  decreased 

2 .  The so lva t ion  rate f o r  v i t r a i n  i n  quinol ine  is g r e a t e s t  during t h e  f i r s t  
2 hours of i r r a d i a t i o n  

3 .  A g r e a t e r  y i e l d  o f  e x t r a c t  can be obtained by f i r s t  char r ing  the  coal a t  
t h e  temperature producing maximum f l u i d i t y  

4 .  For shor te r  i r r a d i a t i o n  times the  p a r t i c l e  s i z e  of t h e  s t a r t i n g  coa l  is  
an important f a c t o r  f o r  increased  s o l u b i l i z a t i o n  

5.  Increasing t h e  temperature  from 36" C t o  80" C does not  a f f e c t  the  y i e l d  
of e x t r a c t  I 

6 .  
t h e  so lvent  

7 .  

The presence of  water i n  quinol ine  reduces t h e  e x t r a c t i o n  e f f i c i e n c y  of  

The s o l v a t e s  produced show marked decreases  i n  s u l f u r  content  compared t o  , 
the  s t a r t i n g  coal .  
of p y r i t i c  s u l f u r  

The decrease  i n  s u l f u r  i n  t h e  e x t r a c t s  i s  caused by removal 

8. There i s  a decrease  i n  t h e  ash content  o f  t h e  e x t r a c t s  
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B 9. 

e f f i c i e n c y  . 
Quinoline can be  reused a s  a so lvent  wi th  no impairment of  s o l u b i l i z i n g  
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ULTRASONIC ENERGY EFFECTS OF1 COAL EXTRACTION BY A HYDROGEN DONOR SOLVENT 

' by 

Larry L: Anderson, M. Yacob Shifai  and George R. Hill 
University of Utah 

ABSTRACT 

The kinetics of a h i g h  vo la t i le  bituminous coal extracted w i t h  

1,2,3,4-tetrahydronaphthalene ( t e t r a l i n )  under the influence of u l t rasonic  

energy has been studied. 

The extraction of coal has been carried out a t  f i v e  d i f fe ren t  tem- 

peratures: 47", 57', 67", 77" , and 87°C. 

sonic energy, par t ic le  s i z e ,  and hydrogen content of the coal were also 

ob t a i  ned. 

Effects of intensi ty  of u l t ra -  

Analysis o f  the data showed tha t  a second order r a t e  reaction fol-  

lowed by a f i r s t  order ra te  reaction describes the kinet ics  o f  the  extrac- 

t ion process. 

The enthalpies of the second-order and f i r s t -order  reqions were 8.70 

K cal/mole and 2.5 K cal/mole, respectively,  which suggests t h a t  the 

extraction process i s  under essent ia l ly  physical control.  Auxiliary 

experiments and the kinet ic  data obtained suggest a model f o r  the extrac- 

t i o n  process. 

plex b u t  the data indicate t h a t  weak van der Waals and hydrogen bonding 

forces are  most affected by the  ultrasonic energy. 

The mechanism of the overall reaction is  undoubtedly com- 

' INTRODUCTION 

The di'ssolving of coal i n  solvents has been studied from many 
1 aspects. Since the f i r s t  systematic experiments by De Marsily in 1860 

many investigators have extracted coal with a variety of organic l iquids.  
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2 The work carried out before 1950 has been ably reviewed by Dryden . The 

f i r s t  experiments using ul t rasonic  energy were conducted by Berkmitz 

w i t h  some l a t e r  s imi la r  experiments by Littlewood . The influence of 

solvent properties, experimental conditions and coal types on the y ie ld  

of extractable  material from coal has a lso been reviewed by Dryden . 
Very l i t t l e  data have been reported on the  kinetics of the extraction 

6 process . 
received l i t t l e  a t t e n t i o n .  

resu l t  of several types o f  simultaneous and consecutive reactions due t o  

the complexity of  the coal s t ruc ture  involved. 

this study are  extremely in te res t ing  and ,  perhaps, can help one t o  under- 

stand the par t icular  e f fec ts  of ultrasonic waves on the extraction 

process. 

3 

4 

5 

The influence of ultrasonic energy on the kinetics has a l so  

Undoubtedly the overall extraction i s  the  

However, the resul ts  of 

From prev ious  work on coal extraction i n  the presence of ultrasonic 

energy the following general conclusions can be drawn: 

The amount of material extracted can be s ignif icant ly  increased 

by the use of u l t rasonic  

The to ta l  amount extracted i s  dependent upon the temperature 

o f  the extraction . 

The rate of extract ion was highest w i t h  coal of the  smallest 

par t ic le  s ize  . 
In th i s  study these conclusions were verified f o r  the coal- te t ra l in  

6 

7 

system and some fur ther  resu l t s  were obtained leading t o  other conclusions 

regarding the mechanism of t h e  reactions taking place. 
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MATERIALS AND PROCEDURE 

I 

The coal used f o r  this study was from the Spring Canyon Coal ?line, 

An analysis i s  given i n  Table I .  Carbon County, Utah. 

used was reagent grade. 

The t e t r a l i n  

TABLE I 

ANALYSIS OF SPRING CANYON COAL 

(Cmmercial Testing and Engineering Company) 

Dry Ultimate Weight X Dry Proximate 

Carbon 72.88 Ash 

Hydrogen 5.58 

Nitrogen 1.51 Volati le Matter 

Oxygen 10.82 Fixed Carbon 

Sulfur 0.62 

Chlorine 0.119 

Dry Heating Value - 13,240 B t u / l b .  

Weight X 

8.4 

45.70 

45.90 

The following procedure was followed i n  the extraction of Spring Canyon 

Coal : 

The coal was ground and sized t o  -200+270 Tyler mesh. A portion of 

the ground coal was removed f r o m  stock bot t le  and p u t  i n  a beaker. 

sample was then dried i n  a vacuum oven a t  llO°C f o r  a period of four  

hours, removed from oven, and then placed i n  a desicator. 

T h e  

The extraction apparatus used f o r  the  experiments was a commercial 

ul t rasonic  cleaner which generated waves w i t h  a frequency of 25 kc/second. 

The maximum parer output was 300 watts. 

directed to  a s ta in less  steel tank w i t h  a surface area of 80 square inches. 

Figure 1 is’ a schematic drawing of the extraction apparatus. 

The ul t rasonic  energy was 

A measured 
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volume of solvent was introduced inside the s ta in less  s t ee l  t a n k  and 

heated. 

amount o f  coal (solvent t o  coal r a t io  = 50 ml/l gram for  t e t r a l i n  and 

coal and 60/1 for  ethylene diamine and coal) was introduced in to  the tank 

and mixed w i t h  the solvent ;  then mechanical s t i r r i n g  s ta r ted .  

assured the uniformity o f  coal-solvent mixture and eliminated the pre- 

c ipi ta t ion of coal. 

as the time when the  coal was added t o  the heated solvent. 

drawn i n t o  glass f lasks  a f t e r  5, 10, 20, 30, 40, 50, 60, 90 . . . 540 

minutes. The samples were cooled t o  room temperature and weighed. 

When the selected operating temperature was reached, a weighed 

St i r r ing  

Reaction time = zero for  each experiment was taken 

Samples were 

Each sample was then placed i n  a weighed, double thickness Soxhlet 

extraction thimble. 

Soxhlet extraction tube and was washed w i t h  acetone for  24 hours. The 

thimble containing the coal residue was dried i n  a vacuum oven a t  110°C 

f o r  4 h o u r s .  The 

weight of the coal residue o r  tha t  which was not extracted was found by 

subtraction. 

The thimble containing the sample was placed i n  the 

The paper thimble and coal residue was then weighed. 

PRELIMINARY EXPERIMENTS 

In order t o  determine some spec i f ic  e f fec ts  of operating conditions 

several preliminary experiments were conducted. These included the 

following w i t h  the resu l t s  as indicated. 

Decomposition of t e t r a l i n :  Since i t  has been shown tha t  ultrasonic 

and also energy can cause molecular fragmentation of organic 

degradation of mixtures and organic solvents i n  the presence of water 

some experiments were carr ied out t o  determine the e f fec ts  upon t e t r a l in  

under the extraction conditions t o  be used fo r  coal. 

10 



was analyzed by gas chranatography t o  determine the  ouan- 

t i t i e s  o f  other species ‘present (Figure 2). Hext t e t r a l i n  was i r r a d i a t e d  

I f o r  24 hours i n  the tank t o  be used for ex t rac t ion  w i th  u l t rason ic  waves 

Samples of the  t e t r a l i n  were taken dur ing the  (3.75 watts/ in2) a t  87°C. 

analyzed. No detectable decomposition was observed f o r  

the f i rst 15 hours; the t o t a l  decom6osition a f t e r  24 hours was less than 

1.0 per cent. Figure 3 i s  a chromatogram o f  the  i r rad ia ted  t e t r a l i n .  

Coal-Solvent Ratio: I n  order t o  be sure t h a t  ne i ther  the  r a t e  no r  

the extent o f  ex t rac t ion  would be l i m i t e d  by the amount o f  solvent present 

f o r  the coal sample some experiments were conducted t o  determine the 

amount extracted by various coal/solvent ra t i o .  

a coal/solvent r a t i o  o f  1 gram coal/30 ml o f  solvent o r  lower the  oer 

cent extracted i s  essen t ia l l y  constant. For subsequent experiments a 

r a t i o  o f  1 gram coal/50 m l  solvent vias used. 

Figure 4 shows tha t  f o r  
1 
i 

, 

Par t i c l e  Size: The e f f e c t  o f  p a r t i c l e  s i ze  on the  per cent extracted 

a t  a pa r t i cu la r  temperature was found t o  be neg l ig ib le .  

i n  Figure 5 the i n i t i a l  ra te  o f  ex t rac t ion  was higher f o r  the  coal w i t h  

Hwever, as shown 

a smaller p a r t i c l e  size. 

I n tens i t y  o f  U l t rason ic  Enerqy: The u l t rason ic  generator and power 

control  u n i t  was equipped w i t h  f a c i l i t y  f o r  c o n t r o l l i n g  the mechanical 

energy t o  the tank where the experiments were conducted. As shown i n  

Figure 6 the amount extracted was a funct ion o f  the  u l t rason ic  energy 

supplied t o  the  system. For a l l  o f  the experiments conducted a f t e r  these 

prel iminary tes ts  100% o f  the  energy ava i lab le  (3.75 wat ts / in  ) was used. 2 
I 

Some o f  the coal used i n  the experiments was reduced with Lithium- 

ethylenediamine. Calculat ions ind ica ted  an add i t ion  o f  12.6 hydrogen 
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i 
atom per 100 carbon atoms in the coal. Both raw coal and the reduced 

coal was extracted with t e t r a l i n  in the presence of ultrasonic energy. 

As shown i n  Figure 7 b o t h  the amount extracted and the ra te  of extraction 

were greater  for  the reduced coal. 

S t i r r ing  Effect: Final preliminary experiments were conducted t o  

determine t h e  e f fec ts  of s t i r r i n g  on the extraction of coal in the system 

used. 

s t i r r ed  extraction and extract ion w i t h  s t i r r i n g  and ultrasonic enerqy a t  

47" and 87°C. 
I 

available t o  the coal surface. 1 

Figures 8 and 9 show comparative data for  s t a t i c  extract ion,  

S t i r r i n g  appears t o  be important i n  making fresh solvent 

I 

RESULTS AND DISCUSSION 

Conclusions regarding the effects  of ultrasonic energy on the 

extraction rate and yield referred t o  previously were confirmed. 

10 shows kinetic data obtained i n  experiments with and without the i n -  

fluence of ultrasonic energy. 

Figure 

I t  was found t h a t  most of the data could be f i t  very well t o  a 

second order equation of the form: 

dx = k2 (a-x)* x 
where k2 = reaction ra te  constant 

a = maximum fraction of the coal which would dissolve a t  the 

temperature studied 

= f rac t ion  of the coal extracted a f t e r  any reaction time,t x 

Integration of the above equation with the lower l imi t  of x = 0 when t = 0 

leads t o :  
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X -= = k2t 

X A p l o t  o f  g(a-x) versus t should y i e l d  s t r a i g h t  l i n e s  w i th  the slope k p  

f o r  each temperature i f  equation (1) adequately describes the react ion 

k inet ics .  

the above conditions. 

Figure 11 shows the second order p l o t  t o  be i n  agreement w i t h  

The second order equation was very adequate t o  describe the  f i r s t  

hour o f  react ion a t  each o f  the temperatures s tud ied f r o m  47" t o  87OC. 

However, a f t e r  60 minutes the data no longer fit the second order curves. 

Table I 1  shows the extent  o f  the second order react ion a t  the temperatures 

studied. 

TABLE I 1  

EXTENT OF SECOND ORDER REACTION 

Time a t  End o f  Maximum " X "  a t  End Percent o f  "a" 

O C  (min.) Y ie ld  (a) Second Order Second Order 
Temperature Second Order Potent i  a1 o f  During 

47 

57 

67 

60 0.1782 0.1221 69 

60 0.1899 0.1473 80 

60 0.1985 0.1663 84 

77 60 0.2098 0.1863 89 

.. 87 60 0.2240 0.2077 94 

The data a f t e r  60 minutes were found t o  be simple f i r s t  order  f o r  the  

remainder o f  the ex t rac t ion  reaction. 

the por t ion  o f  the react ion tak ing place a f t e r  60 minutes was: 

The f i rst order equation t o  describe 
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Integration and setting the limits as f o r  equation ( 2 )  

( 4 )  a In-  = k t  a-x 1 

The data for  th i s  portion of the reaction are plotted i n  Figure 12 t o  

show the agreement of equation (4) t o  the data obtained. 

Applying the absolute reaction ra te  theory t o  the second order and 

first order portions of the extraction process the rate  constant, k '  

(or k2 and kl)  would be o f  the form: 

kT -AF+/RT 
h k '  = K -  e 

where K = 

k =  

h =  

T =  

R =  

hF1) = 

transmission coeff ic ient  (usually = 1.0) 

Boltzman's constant 

Planck's constant 

absol Ute temperature (OK) 

(5)  

universal gas constant 

act ivat ion free energy 

TAS+ 

(a l so  can be expressed as = AHS - 

1 
The ra te  constants were expressed by the expression ( 

and plots of equation (6 )  are shown i n  Figure 13 and 14. 

p l o t t e d  against 1/T the slope is then - $ and the activation entropy 

Since In k '  is I 

I 

/ 

4 

AS + can be obtained from the intercept.  The values f o r  the activation I 

enthalpy and aDparent act ivat ion entropy for  the two portions of the 

react ion were: 4 
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AH + As*  

2nd order 8.7 kcal/mole -44 e.u. 

1 s t  order 2.5 kcal  /mol e -70 e.u. 

With the values o f  the ac t i va t i on  enthalpies obtained the ex t rac t ion  

process appears t o  be under essenti  a1 l y  physical control .  

affected i f  t h i s  i s  the case would include van der Waals o r  hydrogen 

bonding forces which are general ly o f  the order o f  1-10 kcal/mole. 

Freundlich and G i l l i ngs  have demonstrated the breaking o f  the loose gel  

network o f  van der Waals bonds i n  gelatin-water12 by u l t rason ic  waves. 

Hwever, many other degradation and depolymerization reactions have a lso  

Forces being 

been e f fec ted  by u l t rason ic  energy when the bonds involved were chemical 

bonds o f  50-100 kcal/mole. Some polymers which have been depolymerized 

by u l t rason ic  waves are p o l y ~ t y r e n e ’ ~ ,  po lyv iny l  acetate, polyacrylates 
and n i t r o c e l l ~ l o s e ~ ~ ,  and rubber 15 . 

d 

An in te res t i ng  and q u i t e  p laus ib le  explanation f o r  the depolymeriza- 

According 16 t i o n  o f  polystyrene solut ions has been proposed by Crawford . 
t o  h i s  calculat ions u l t rason ic  waves of 300 kc/s a t  10 watts/cm could 

Forces 

2 

1 eas i l y  furnish s u f f i c i e n t  energy t o  break the  C-C o r  C-0 bonds. 

from u l t rason ic  waves could be se t  up simply as f r i c t i o n  between a polymer 

polecule and the  surrounding l i q u i d .  I n  the case o f  polystyrene i n  toluene 

only 5 bonds i n  1000 were broken a t  70°C. 

The s t ruc tu re  of coal i s ,  a t  best, very complex and the bonding forces 

are not we l l  defined a t  present. 

concerning the products of coal ex t rac t ion  , pyro lys is  and hydrogenation 

which can be o f  great assistance i n  determining the types and magnitude 

o f  some o f  the important bonding forces i n  coal. Coal pyro lys is  and coal 

There are, however, some general facts 
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dissolution (solvent extract ion)  have been visualized by Wiser as s imilar  

processes, with s imilar  reaction kinetics (second order) and activation 

enthalpies (35.6 kcal/mole and 28.8 kcal/mole r e s p e ~ t i v e l y ) ' ~ .  

products rpsulting from coal pyrolysis and dissolution are high in aro- 

matics , exhibiting even higher aromaticity than the original coal. 

#is and other work on t h e  s t ructure  of coal the strongest bonds i n  the 

"coal macromolecule" appear t o  be aromatic carbon-carbon bonds. Aliphatic 

C-C bonds, C-0, C-H, and C-S bonding are also present and important i n  

the coal structure18. Weaker forces such as van der Waals forces and 

The 

From 

hydrogen bonding would naturally be expected since coal can be considered 

as a polymer and other polymers containing C ,  H, S ,  N and 0 are a t  l eas t  

par t ia l ly  held together by such bonding   force^'^'*^. 
give values of hydrogen bond s t r e n g t h s  of 3.0 t o  7.1 kcal/mole. 

20 Pimental and McClellan 

The results of any k ine t ic  study on a complex substance such as coal 

will indicate only average values of the activation enthalpies and entropies 

involved i n  the process being studied. 

Since the value of "a" ,  the maximum part of the coal extractable ,  

varies systematically with temperature i t  appears t h a t  a t  any par t icular  

temperature the quantity (a-x) represents a potential in the form of a 

concentration. The r a t e  a t  any par t icular  time, t ,  depends only upon 

th is  concentration. 

value of "a'' i s  much smaller when ultrasonic energy i s  no t  used in the 

extraction. 

t o  be the actual breaking o f  bonds in the coal s t ructure  which cannot be 

broken by the solvent. The breaking of these bonds then resul ts  i n  

fragmflts f r m  the coal w h i c h  are soluble in the solvent l iquid.  Another 

possible e f f ec t  of the ul t rasonic  energy i s  the t ransfer  of kinet ic  energy 

As "XI' approaches "a" the r a t e  approaches zero. The 

From this study and others the e f fec t  of  t h i s  energy appears 
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I 

t o  the  coal s t ruc tu re  i n  such a way t h a t  would be the same as r a i s i n g  

the "e f fec t i ve"  temperature o f  the coal t o  some value much higher than 

the temperature measured by a t h e m m e t e r  o r  thermocouple i n  the solvent. 

According t o  Dognon and Simonot 21 '22 the temperature o f  dispersed pa r t i c l es  

i n  an u l t rason ic  f i e l d  i s  ra ised  several degrees above the average tem- 

perature o f  the so lu t i on  o r  suspension. The cav i ta t i on  tak ing  place i n  

l i qu ids  subjected t o  u l t rason ic  waves (formation and v i o l e n t  col lapse of 

small bubbles i n  the l i q u i d  due t o  pressure changes) has been c red i ted  

w i th  p r a c t i c a l l y  a l l  observed chemical e f fec ts  i n  l i q u i d  systems . The 

v io len t  col lapse o f  cav i ta t ion  bubbles may generate l oca l  pressures o f  

thousands o f  atmospheres and/or 1 oca1 temperatures o f  hundreds o f  degrees 
23 above t h a t  of the environment . The i n t e n s i t y  o f  u l t rason ic  energy used 

i n  t h i s  study was several times t h a t  required t o  produce cav i ta t ion .  

9 

The resu l ts  o f  t h i s  study may be in te rpre ted  i n  two d i f f e r e n t  ways 

based on the  above information: 

(1) The ex t rac t ion  o f  coal w i th  u l t rason ic  energy resu l t s  i n  the 

dissolv ing of species present i n  the  pores o f  the coal structure.  Extrac- 

t i o n  also takes place by breaking van der Waals and hydrogen bonds i n  

the coal structure.  

because these weak bonding forces are severed by the energy o f  the  u l t r a -  

sonic waves. 

the react ion i s  the  react ion between the solvent molecules and the  

avai lable van der Waals o r  hydrogen bonds i n  the  coal. The ac t i va t i on  

enthalpy f o r  t h i s  second order react ion i s  8.7 kcal/mole. The second 

order dependence i s  most l i k e l y  due t o  a ra te  con t ro l l i ng  step invo lv ing  

The ex t rac t ion  y i e l d  i s  higher w i t h  u l t rason ic  energy 

The r a t e  con t ro l l i ng  step i n  the  second order po r t i on  o f  

both a solvent molecule and a van der Waals o r  hydrogen bond. When most 

o f  the ex t rac t ion  has taken place the slow step becomes so lu t i on  d i f fus ion  

i 



e i t h e r  o f  solvent molecules t o  t h e  soluble species i n  the  coal matrix or 

of dissolved extraction products from the  coal in to  the bulk solution. 

This par t  of the reaction i s  f i r s t  order and has an activation enthalpy 

of 2.5 kcal/mole. 

(2) Assuming t h a t  the ul t rasonic  e f f e c t  t o  the coal- te t ra l in  system 

i s  t o  ra ise  the "ef fec t ive  temperature" of the reacting species t o  some 

higher value leads t o  some very interest ing conclusions. To o b t a i n  the 

"effect ive temperature" (T,) corresponding t o  the measured temperatures 

of 47", 57O, 67", 77" and 87°C used i n  this study is  n o t  d i f f i c u l t  i f  

"a" values a t  these temperatures is used t o  obtain the temperature neces- 

sary for  the same y i e l d  i n  a coal- te t ra l in  system without ul t rasonic  

energy. In previous work by CharlotE4 t e t r a l i n  was used t o  extract  Spring 

Canyon coal without ul t rasonic  energy. 

57, 67, 77 and 87°C a r e  found t o  be 258", 261", 263", 267" and 269°C. 

Values of the act ivat ion enthalpies f o r  the second order and f i r s t  order 

portions of the reaction became 31.5 and 9.1 kcal/mole respectively. 

these values the second order portion of the reaction would undoubtedly 

involve the same type of bond rupture tha t  occurs w i t h  pyrolysis and dis- 

solution as previously referred17. 

would t h e n  appear t o  b e  controlled by either the breaking o f  van der 

Waals and/or hydrogen bonds or  possibly solution diffusion. 

Te values corresponding t o  47, 

W i t h  

The f i r s t  order portion of the reaction 

CONCLUSIONS 

Kinetic data of solvent extraction w i t h  t e t r a l i n  and ul t rasonic  

energy over the temperature range 47-87°C have been obtained. The kinetic 

data indicate t h a t  the ra te  determining s tep f o r  most of the process is 

a second order reaction probably involving t e t r a l i n  molecules and van der 

Waals or hydrogen bonds i n  the  coal. The activation enthalpy f o r  this 



- 1 2 7 -  

second order react ion i s  8.7 kcal/mole w i th  an ac t i va t i on  entropy of -44 

e.u. 

w i t h  an ac t iva t ion  enthalpy o f  2.5 kcal/mole and entropy o f  -70 e.u. The 

ra te  con t ro l l i ng  step f o r  the f i r s t  order po r t i on  o f  the reac t ion  i s  pro- 

bably so lu t ion  d i f fus ion .  

entropies obtained are no t  surpr is ing  since s i m i l a r  resu l t s  have been 

obtained by others working w i th  complex reactants such as coal, coal t a r ,  

petroleum, and some pure aromatic compounds25 '26. Such values are usual ly 

obtained when the number o f  react ion s i t e s  changes w i th  the  amount o f  
27 react ion as would be the  case f o r  ex t rac t ion  . 

The second order react ion i s  fol lowed by a f i rst  order reac t ion  

The high negative values f o r  the ac t i va t i on  

No exact mechanism f o r  the reactions tak ing  place can be concluded. 

The in te rac t i on  o f  the  u l t rason ic  energy, t e t r a l i n ,  coal and environment 

cannot be completely understood u n t i l  much more i s  known about such 

phenomena as the exact e f fec ts  of u l t rason ic  waves upon organic solvents 

and suspended so l ids  and ex t rac t ion  o f  coal ; i n  p a r t i c u l a r  how each type 

o f  bonding i n  coal i s  a f fec ted  by the  solvent molecules. 

This work was supported by the Of f i ce  o f  Coal Research, U. S. Depart- 

ment o f  I n t e r i o r  and by the  Universi ty o f  Utah (Contract # 14-01-0001-271). 



- 128- 

REFERENCES 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

12. 

13. 

14. 

15. 

16. 

17. 

De Marsilly, C. , "Solvent Extraction of Coal ,I' Ann. Chem. e t .  Phys. , 
- 3, 66 (1862). 

Dryden, I .  G. C . ,  "Behaviour of Bituminous Coal Towards Solvents," 
1-11, Fuel 29, 197-221 (1950). 

Berkowitz, N. , "Dispersibi l i ty  of Coal i n  Supersonic Field," Nature, 
- 163, 809 (1949). 

Littlewood, K. , "The Application of Ultrasonic I r radiat ion t o  Solid- 
Liquid Systems w i t h  Par t icular  Reference t o  the Extraction of Coals 
w i t h  Pyridine," Fuel SOC. J .  , Univ.  Sheffield 27-30 (1960). 

Dryden, I. G. C. , "Chemistry of  Coal Util ization ,I' Supplementary 
Volume, ed. by H. H .  Lwry, John Wiley and Sons Inc., New York, 
N. Y . ,  Chap. 6 ,  232 (1963). 

Ching, V .  C. C. e t .  a l . ,  "Kinetic Study of Coal Extraction by Tetralin 
W i t h  and Without Ultrasonic I r radiat ion,"  U. S. Dept. of In t e r io r ,  
Office o f  Coal Research Technical Report, June (1967). 

Kirby, W. A., J.  R.  A. Lakey, and R. J .  Sar jant ,  "A Study o f  Coal 
Extraction by Infrared Spectroscopy," Fuel 2, 480, (1954). 

Brown, J .  K. and S. M. Rybica, private comnunication (1960). 

Weissler, A. E.  , "Ultrasound Chemical Effects on Pure Organic Liquids," 
Science 150, No. 3701, 1288-9 (1965). 

Kessler, T., A. G. Sharkey Jr. and R. A. Friedel , "Reactions Produced 
by Exposing Coal Derivatives t o  Ultrasonic Energy," U. S .  Bureau o f  
Mines Report of Investigations 7027 (1967). 

Anbar, M. and I .  Pecht, J .  Phys. Chem. 68, 1460-2, (1964). 

Freundlich, H. and D. W. Gillings, Trans. Faraday SOC. 34, 649 (1938). 

Prudhomne, R. 0. , and P. Grabar, J .  Chim.  Phys. 6, 667 (.1949). 

Schmid, G. and 0. Romnel, Z. Physik. Chem., E, 97 (1939). 

Shibata, K., Repts. Tokyo Imp. Ind. Research Inst .  Lab. 35, No. 31, 
1 and 9 (1940). 

Crawford, A. E .  , Ultrasonic Engineering, Butterworths, London (1955). 

Wiser, W .  H., "A Kinetic Comparison of Coal Pyrolysis and Coal 
Dissolution," Presented a t  SME Division, A.I.M.E. , Minneapolis, 
Minn. , Sept. (1968). 



- 129 - 

18. 

19. 

20. 

21. 

22. 

23. 

\ 24. 

25. 

26. 

i 

27. 

H i l l ,  G. R. and L. B. Lyon, "A New Chemical Structure f o r  Coal,'' 
Ind. and Eng. Chem. 54, 36 (1962). 

Howsmon, J .  A. and W .  A.  Sisson, High Polymers, Chap. - 5, Interscience, New York (1954). 
4B, Par t  I ,  

Pimentel, G.  C.  and A. L. McClellan, The Hydrogen Bond, Chap. 7 ,  
W .  H. Freeman and Company, San Francisco (1960). 

Dognon, A. and Y.  Simonot, Compt. Rend. , 228, 230 (1949). 

Dognon, A. and Y. Simonot, Compt. Rend., 228, 990 (1949). 

Lord Raleigh, Phil. Mag., 3, 94 (1917). 

Charlot, L. A., "The Kinetics of Thermal Dissolution of a Utah 
Bituminous Coal Using 1,2,3,4 Tetrahydronaphthalene," Thesis , 
University of Utah (1963). 

Badawy, M. L. e t .  a l ,  private communication (1969). 

Wiser, W .  H., S. S i n g h ,  S. A. Qader, and G. R.  H i l l ,  "Catalytic 
Hydrogenation of Multiring Aromatic Coal Tar Constituents ,'I Ind. 
and Eng. Chem., Process Des. and Dev. 9, No. 2 ,  April (1970). 

Hil l ,  G.  R. , "Experimental Energies and Entropies of Activation - 
Their Significance i n  Reaction Mechanism and Rate Prediction for 
Bituminous Coal Dissolution," Fuel, 45, 329 (1966). 



W 

-I 
0 
0 
V 

z 

I c 

cn 
U 
W 
V 
3 
cn z 
U 
LT 
I- 

n 

t- 
3 
0 
(L 
W 
L a 
3 

In 
3 
c z 
0 

a 
0 

a 

K 
0 

V 
0 
L 4- 

X 
0, 

._ 
t 

V 

C 
0 
In 

.- 

z 
c 

L 
U 

L 
3 
IT 



1 

1 

ro 
C 

(D 
7 

'1 

0 

30 -+ 
0 

- 131 - 
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.Fig. 4 Percent of extracted vs. solvent ratio 
Temperature = 47"c; Time = 3 hours; 
Coal size = - 200 + 270 mesh 
Solvent = tetralin 
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